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ARTICLE INFO ABSTRACT

Keywords: Diabetic cardiomyopathy (DCM) is a challenging diabetic complication that manifests as chronic inflammation.
Qiabetic cardiomyopathy Yet, the mechanism underlying diabetes-associated myocardial injury is not fully understood. We investigated
Linderalactone the pharmacological effects and mechanisms of linderalactone, a natural compound that can prevent diabetes-
MAPK . . . . . . . . .
ATF6 induced cardiomyopathy in mice. Diabetes was induced by a single dose of streptozotocin (120 mg/kg, ip.).
I Diabetic mice were administrated with linderalactone (2.5 or 5 mg/kg) by gavage for five weeks. Harvested heart
Endoplasmic reticulum stress i . . . N . .
Inflammation tissues were then subjected to RNA-sequencing analysis to explore the potential mechanism of linderalactone.

Linderalactone prevented heart dysfunction by inhibiting myocardial hypertrophy, fibrosis, and inflammation,
without altering blood glucose. RNA-sequencing indicated that linderalactone exerted its cardioprotective effects
mainly by affecting the mitogen-activated protein kinase (MAPK)/ activating transcription factor 6 (ATF6)
pathway. Linderalactone also suppressed endoplasmic reticulum (ER) stress mediated by the diabetes-activated
MAPKs/ATF6 pathway, thereby reducing myocardial hypertrophy and inflammation in heart tissues and in
cultured cardiomyocytes. Inhibition of MAPKs or a deficiency of ATF6 in cardiomyocytes mimicked the
linderalactone-associated decreases in high glucose-induced hypertrophy and inflammation. Linderalactone
showed beneficial effects in alleviating diabetic cardiomyopathy, in part by modulating the MAPK/ATF6
signaling pathway to mitigate myocardial hypertrophy and inflammation. Linderalactone may have clinical
utility in the treatment for diabetes-associated cardiomyopathy.

1. Introduction lipid levels [4]. Therefore, depth elucidation of the pathological mech-

anisms of DCM and discovery of better pharmacological interventions

Diabetes mellitus (DM) patients are vulnerable to the development of
ventricular remodeling and even heart failure [1]. DM induces
myocardial structural abnormalities and left ventricular dysfunction,
independent of other traditional risk factors such as hypertension,
atherosclerosis and coronary heart disease, in a process termed diabetic
cardiomyopathy (DCM) [2]. Nearly half of asymptomatic/normotensive
patients with well-controlled DM have myocardial lesions [3].
Currently, DCM has no specific therapy other than the application of
renin-angiotensin system inhibitors and lowering blood glucose and

are urgently needed.

The progression of DCM has been associated with several patho-
physiological factors, including myocardial inflammation, apoptosis,
fibrosis, mitochondrial dysfunction, and endoplasmic reticulum (ER)
stress [5]. Among these causes, chronic inflammation seems to be a
critical event that induces cardiomyocyte impairment. Increases in
several inflammatory cytokines, including interleukin-6 (IL-6), IL-1f
and tumor necrosis factor-o (TNF-a), have been found in both diabetic
patients and diabetic animal models and can result in excessive tissue
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remodeling, and eventual progression to cardiac fibrosis and tissue
stiffness [6]. The most widely described inflammatory cascades involved
in the development of DCM are initiated by the mitogen-activated pro-
tein kinase (MAPK) signaling pathway [7]. Activation of the MAPK
members c-Jun N-terminal kinase (JNK), extracellular-regulated protein
kinase (Erk), and p38 are known to occur under diabetic conditions, and
are involved in cardiac hypertrophy, fibrosis and inflammation [8]. By
contrast, inhibition of MAPK activation can ameliorate the adverse ef-
fects of DCM [9,10]. Therefore, the MAPK pathway may be a strategic
therapeutic target for improving the cardiomyopathy associated with
diabetes. One potential source of new therapeutic agents is traditional
medicine derived from natural products.

An accumulating number of preclinical studies now favour the use of
herbal medicines, such as triptolide [11], curcumin [12] and myricitrin
[13], as possible therapies for DCM. One compound showing promise as
a DCM treatment is linderalactone, a sesquiterpene lactone isolated from
root extracts of Lindera aggregata [14,15]. This compound can suppress
the activity of several types of cancer cells [16], suggesting that it has
appreciable pharmacological potential. For example, linderalactone in-
hibits the growth of A549 lung cancer cells by inducing apoptosis and
suppressing the JAK/STAT signaling pathway [16]. Evidence also dis-
plays that linderalactone can inhibit the enzymatic activity of a-gluco-
sidase with an ICsg value of 12.72 pM [14]. However, the possible effects
of linderalactone treatment on diabetes-associated cardiac dysfunction
have not been investigated.

In the present study, we examined the effects of a five-week linder-
alactone treatment on the streptozotocin (STZ)-induced diabetic mouse
model. We found that linderalactone administration alleviated cardiac
dysfunction, hypertrophy and fibrosis caused by diabetes indicating that
its therapeutic effect in the progression of DCM. Mechanistically, lin-
deralactone suppressed MAPK/ATF6 signaling pathway which plays
important role in promoting intracellular inflammation and endo-
plasmic reticulum in cardiomyocytes This finding identified linder-
alactone as a novel agent for diabetic cardiomyopathy.

2. Materials and methods
2.1. Animals

Eight-week-old male C57BL/6 mice weighing 18-22 g were obtained
from the Laboratory Animal Center of Hangzhou Medical College
(Hangzhou, China). The animals were housed under a light-dark cycle
of 12 h in plastic cages at 22°C with 40-60% humidity and provided
with food and water ad libitum. All experimental procedures were car-
ried out in strict accordance with the National Institutes of Health
Guidelines for the Care and the Use of Laboratory Animals and the study
was approved by the Ethics Committee of Laboratory Animal Care and
Welfare, Zhejiang Center of Laboratory Animals (Approval Number:
ZJCLA-IACUC-20040066; Approval date: April 3, 2021). All efforts were
made to reduce the number of animals and minimize their suffering.

2.2. Experimental design

Type 1 DM (T1DM) was induced with a single intraperitoneal in-
jection of STZ (Sigma-Aldrich, St. Louis, MO, United States) at a dose of
100 mg/kg formulated in 100 mM citrate buffer (pH 4.5) as previously
described [17]. Control animals received citrate buffer alone on the
same regimen. One week later, blood glucose levels were measured
utilizing a glucometer from collected caudal vein blood. Animals with
fasting blood glucose over 12 mmol/L were considered as DM and were
used for the further study. The STZ-induced diabetic mice were
randomly allocated into three experimental groups (n = 7 per group): a
vehicle control group (0.5% carboxymethylcellulose-Na solution), a
low-dose linderalactone group (2.5 mg/kg; the chemical structure was
shown in Fig. 1A; purity, > 98.0%; MedChemExpress, Bloomfield, NJ,
USA), and a high-dose linderalactone group (5 mg/kg). Linderalactone
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was administered every other day for 5 weeks by gavage. The corre-
sponding control groups received vehicle for the same duration. At the
desired time points, blood glucose and body weight were measured.
After the 5-week administration, mice were anaesthetized with 40 mg/
kg body weight phenobarbital sodium (ip.). Blood samples were
collected and centrifuged at 4°C at 3000 rpm for 10 min to collect serum
for lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB) de-
terminations. Heart tissues and tibia length were measured, and heart
tissues were embedded in 4% paraformaldehyde or snap-frozen in liquid
nitrogen for further analysis (Fig. 1B).

2.3. Cardiac function evaluation

One day before sacrifice, transthoracic echocardiography was per-
formed to evaluate systolic and diastolic cardiac function. The mice
were anaesthetized with 1.0% isoflurane, placed supinely on a heating
platform and analyzed using a Vevo 2100 High-Resolution Micro-Ul-
trasound System (FUJIFILM Visual Sonics, Toronto, ON, Canada). The
ejection fraction (EF) was calculated from the LV end-diastolic volume
(LVEDV) and end-systolic volume (LVESV) using the equation (EF% =
[(LVEDV - LVESV)/LVEDV] x 100%). Fractional shortening (FS) was
calculated using the equation (FS% = [(LVIDd - LVIDs)/LVIDd] x
100%).

2.4. Histomorphology

Heart tissues were immersed in 4% paraformaldehyde at room
temperature for 48 h, and then embedded in paraffin. The embedded
tissues were cut into 5-pm-thick sections and stained with haematoxylin
and eosin (H&E), Masson’s trichrome, or Sirius red for pathological
analysis. The stained sections were then observed under a light micro-
scope (magnification: 200x; Leica Microsystems, Wetzler, HE, Ger-
many). The relative positive areas of Masson’s trichrome and Sirius red
staining were analyzed using Image-Pro Plus software (Media Cyber-
netics, Silver Spring, MD, USA) under “Analyze-Measure” module. Seven
mice in each group and 2 sections per mouse were used for the above
staining, and 5 random fields in each section were captured by an
investigator who was blind to the treatment. The average positive areas
(%) = (positive area/total area) x 100.

2.5. RNA-sequencing analysis

Total RNA extracted from heart tissues was submitted for RNA
sequencing. The total RNA was isolated using TRIzol Reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer’s procedure.
The RNA amount and purity were evaluated and quantified for each
heart sample using a NanoDrop ND-1000 instrument (NanoDrop, Wil-
mington, DE, USA) and an Agilent 2100 bioanalyzer (Thermo Fisher
Scientific, Waltham, MA, USA). RNA integrity was confirmed by elec-
trophoresis on a denaturing agarose gel. Oligo(dT)-attached magnetic
beads were used to purify the mRNA, which was then fragmented into
small pieces with a fragmenting buffer at an appropriate temperature.
The cleaved RNA fragments were then reverse-transcribed into cDNA
using random hexamer-primed reverse transcription. Subsequently, A-
Tailing Mix and RNA Index Adapters were added and incubated to
promote end repair. Sequence analysis was then performed on the
BGISEQ-500 platform (Beijing Genomics Institute, Shenzhen, China).

Bowtie2 (v2.2.5) and HISAT2 (v2.0.4) were used to map the clean
reads to the reference gene and genome, respectively. The gene
expression level (FPKM) was quantified using RSEM (v1.2.12). Differ-
entially expressed genes (DEGs) were selected using the following cri-
terion: fold change > 2 and p-value < 0.05 or fold change < 0.5 and p-
value < 0.05. Pathway enrichment analysis was performed by using the
public Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(https://www.kegg.jp/). The analysis of potential transcription factors
for the DEGs was based on TRRUST (Version 2) database in Enrichr
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Fig. 1. Linderalactone attenuates cardiac pathological changes and hypertrophy in TIDM mice. (A) The chemical structure of linderalactone. (B) Illustration of
experimental schedule. Mice were intraperitoneal injected with 100 mg/kg STZ to induce T1IDM model, and injected with citrate buffer as control group. The blood
glucose and body weight of mice were monitored every week. TIDM mice were treated with linderalactone (5 mg/kg/day and 10 mg/kg/day, i.g.) from 9th week to
13th week. After 5 weeks treatment, blood and heart tissues were collected. Linderalactone treatment did not modify the blood glucose (C) or body weight (D) in
diabetic mice. (E, F) Serum levels of CK-MB and LDH in mice were determined. (G, H) The ejection fraction (EF) values and fractional shortening (FS) values of mice
were measured by ultrasonic scanning image system. (I, J) The mRNA expression levels of Anp and Bnp in the myocardial tissues were detected by RT-qPCR. (k)
Representative H&E staining image of heart tissues. Scale bar, 100 pm. Values are mean + SEM, (n = 7 per group). *P < 0.05 versus control; *P < 0.05 versus TIDM.

Ctrl, control; T1IDM, type 1 diabetes mellitus; STZ, streptozotocin; LNL, linderalactone.

website (https://maayanlab.cloud/Enrichr/).
2.6. Cell culture and treatment

The embryonic rat heart-derived HI9C2 cell line was purchased from
the Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China). The H9C2 cells were maintained at 37°C with 5% CO5 and 95%
O, in Dulbecco’s modified Eagle medium (DMEM; Gibco, Eggenstein,
BW, Germany) containing 5.5 mM D-glucose supplemented with 10%
fetal bovine serum (FBS; Hyclone, UT, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin. For the linderalactone (Selleck Chemicals,
Houston, TX, USA) treatment, linderalactone was dissolved in dimethyl
sulfoxide (DMSO). The other groups received equivalent volumes of
DMSO. The H9C2 cardiomyocytes were pre-treated with 10 pM or 20 pM
linderalactone for 1 h. Cells in high-glucose group were maintained in
DMEM containing 27.5 mM D-glucose (total 33 mM; Sigma-Aldrich) for
24 h. Control cells were maintained in DMEM containing 5.5 mM D-
glucose. For MAPK inhibitory assays, a mixture of MAPKs inhibitors
(JNK inhibitor, SP600125, 5 uM; ERK inhibitor, U0126, 5 pM; p38 in-
hibitor, SB230580, 5 pM; Sigma-Aldrich) was added 1 h prior to the
linderalactone treatment.

2.7. Cardiomyocyte staining

Hypertrophic changes were observed by fixing HOC2 cells were fixed
with 4% paraformaldehyde permeabilizing with 0.1% Triton-X100 and
staining with rhodamine phalloidin (50 pg/mL; Beyotime, Shanghai,
China) for 60 min at room temperature. Nuclei were stained with DAPI
for 10 min at room temperature. Images were viewed and captured using
fluorescence microscope (200 x amplification; Leica Microsystems).
Each group stained for 3 slides, and each slide randomly captured 5
nonoverlapping images. > 10 cell areas in each slide were analyzed
using Image-Pro Plus software (Media Cybernetics), and the average cell
area = total cell areas/cell number.

For calcium flux analysis, H9C2 cells were incubated with 2 pM Fluo-
4-AM (Thermo Fisher Scientific) at 37°C for 30 min and then washed
with phosphate buffered saline and observed by fluorescence micro-
scope (200 x amplification, Leica Microsystems).

2.8. RNA interference

Small interfering RNA (siRNA) targeting rat activating transcription
factor 6 (ATF6) was synthesized by Gene Pharma Co. Ltd. (Shanghai,
China): sense: GGGACUAUGAGGAGAUGAUTT, antisense: AUCAU-
CUCCUCAUAGUCCCTT. The siRNA molecules (50 nM) were mixed with
Lipofectamine™ 2000 (5 pL; Thermo Fisher Scientific) in serum-free
Opti—MEMTM (250 pL; Thermo Fisher Scientific) and incubated at
room temperature for 20 min. The mixture was added to H9C2 cells in
DMEM containing FBS but lacking antibiotics and incubated for 24 h.
The transfection efficiency was determined based on the protein and
mRNA levels.

2.9. Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted from cells and tissues using TRIzol (Invi-

trogen). Reverse transcription and quantitative PCR were performed
using Hifair III 1st Strand cDNA Synthesis SuperMix (YEASEN,

Shanghai, China), and Hieff UNICON qPCR SYBR Green Master Mix
(YEASEN). RT-qPCR was carried out using a BioRad CFX96 TouchTM
Real-Time PCR Detection System (BioRad, Hercules, California, USA).
Primers for genes including atrial natriuretic peptide (Anp), brain
natriuretic peptide (Bnp), transforming growth factor- (Tgf$1), collagen
type 1 (Coll), Tnf-a, Il6 and B-actin genes were synthesized in Sangon
Biotech (Shanghai, China), as listed in the Supplementary Table S1.
Gene expression was normalized based on the level of p-actin RNA
expression. All samples were determined in duplicate.

2.10. Flow cytometry

Annexin V and PI apoptosis kits (Beyotime) were applied for evalu-
ation of cell death. After harvested of H9C2 cells, the binding buffer with
FITC and PI were used to incubate cells for 15 min in dark circum-
stances. Flow cytometry was performed to assess cell death. The annexin
V-positive cells and Pl-negative cells (early apoptosis), and annexin V-
positive cells and PI-positive cells (late apoptosis) were regarded as
death cells.

2.11. Immunoblotting

Cells and heart tissue samples were homogenized and lysed using a
cell and tissue total protein extraction kit (Kang Cheng Bioengineering,
Shanghai, China). Protein samples were measured with a BCA protein
assay kit (Beyotime) and then separated on SDS-PAGE gels and electro-
transferred to poly vinylidene fluoride membranes. Membranes were
blocked for 1 h at room temperature with 5% non-fat milk or 5% BSA at
room temperature. Membranes were then incubated with various pri-
mary antibodies overnight at 4°C. Antibodies for phospho-JNK (Cat. NO.
9255, 1:1000), JNK (Cat. NO. 9252, 1:1000), phospho-p38 (Cat. NO.
4511, 1:1000), cleaved-casepase 3 (Cat. NO. 9662, 1:1000), casepase 3
(Cat. NO. 9664 s, 1:2000) and Chop (Cat. NO. 2895, 1:1000) were ob-
tained from Cell Signaling Technology (Topsfield, MA, USA). Antibodies
for p38 (Cat. NO. 14064-1-AP,1:1000), phospho-ERK1/2 (Cat. NO.
28733-1-AP, 1:1000), ERK1/2 (Cat. NO. 16433-1-AP, 1:1000), Bcl-2
(Cat. NO. 12789-1-AP, 1:1000), ATF6 (Cat. NO. 24169-1-AP, 1:1000)
and GAPDH (Cat. NO. 60004-1-Ig, 1:1000) were purchased from Pro-
teintech (Wuhan, Hubei, China). Immunoreactive bands were detected
by incubating with secondary antibodies conjugated to horseradish
peroxidase (1:3000; Servicebio, Wuhan, Hubei, China) for 2 h at room
temperature, followed by treatment with an ECL chemiluminescence kit.
The band density was calculated using Image J software (NIH, Bethesda,
MD, USA) and normalized to GAPDH as the internal control.

2.12. Statistics

All data were collected from at least three independent experiments
and were presented as means + SEMs. Statistical analyses were per-
formed using GraphPad Pro Prism 8.01 (GraphPad, CA, USA). One-way
ANOVA, followed by Tukey’s multiple comparisons test, was employed
to assess the differences between the groups. Differences were consid-
ered statistically significant at P value < 0.05.



X. Han et al.

3. Results
3.1. Linderalactone prevents DCM in T1DM mice

To explore the potential effect of linderalactone on DCM, the TIDM
mice were administrated with linderalactone (2.5 or 5 mg/kg) on
alternate days over 5 weeks. The T1DM mice exhibited increased blood
glucose levels and decreased body weight compared with the control
group. By contrast, TIDM mice administrated linderalactone showed no
changes in these two indexes when compared to untreated TIDM mice
(Fig. 1C, D). Serum markers of myocardial cellular damage, including
CK-MB and LDH, were significantly elevated in T1IDM mice compared
with the control group, and linderalactone treatment prevented these

A

1 Cirl 1 TMDM

4_

1 T1DM + LNL 2.5 mg/kg
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increases (Fig. 1E, F, P < 0.05). Estimations of cardiac function using
echocardiography showed that linderalactone significantly improved
cardiac systolic and diastolic dysfunction in diabetic mice, as evidenced
by increases in the EF% and FS%, and decreases in the LVIDd and IVSD
(Fig. 1G, H, Table S2, P < 0.05). The elevated mRNA levels of Anp and
Bnp were also significantly reduced by linderalactone in diabetic heart
tissues (Fig. 11, J, P < 0.05). In addition, linderalactone treatment
significantly decreased T1DM-induced the increased ratio of heart
weight to tibia length (Table S2, P < 0.05). Similarly, H&E staining
showed obviously structural and hypertrophic alterations in T1DM
mice, but not in mice administration of linderalactone (Fig. 1K). These
results suggest that linderalactone protects against diabetes-induced
cardiac dysfunction and pathological changes in T1DM mice.
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Fig. 2. Linderalactone protects against diabetic-induced inflammation, fibrosis and apoptosis in heart tissues. (A, B) The mRNA levels of Tnfa, 116, Tgfb1 and Coll in
the heart tissues. Transcripts were normalized to Actb. (C) Representative images for Sirius red staining and Masson staining in the heart tissues. Scale bar, 100 pm.
Quantification analysis of Sirius red staining (D) and Masson staining (E). (F) Western blot analysis of cleaved caspase-3, Caspase-3 and Bcl-2 in the myocardial
tissues. GAPDH was used as the loading control. Values are mean + SEM, (A-E: n = 7 per group; F: n = 4 per group). *P < 0.05 versus control; *P < 0.05 versus

T1DM. Ctrl, control; T1DM, type 1 diabetes mellitus; LNL, linderalactone.
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3.2. Linderalactone protects against diabetes-induced inflammation,
fibrosis and apoptosis in heart tissues

Compared to control mice, TIDM mice exhibited increased mRNA
levels of Tnfa, 116, Tgfb1 and Col1 in heart tissues (Fig. 2A, B, P < 0.05).
Consistent with the RT-qPCR results, Sirius red and Masson’s trichrome
staining also showed distinctly fibrotic areas in TIDM mouse heart tis-
sues (Fig. 2C-E). While linderalactone treatment significantly mitigated
these unfavorable changes (Fig. 2A-E, P < 0.05), and also down-
regulating the diabetic-induced the activation of apoptosis-related pro-
teins, including cleaved-caspase3 and bcl-2 in diabetic heart tissues
(Fig. 2F, Supplementary Fig. S1A, P < 0.05). These results indicate that
linderalactone prevents diabetes-induced inflammation, fibrosis and
apoptosis in mice.

3.3. Linderalactone inhibits diabetes-induced MAPK activation and
mitigates ATF6-mediated endoplasmic reticulum stress in T1DM mice

To elucidate the molecular mechanism underlying the anti-
inflammatory, anti-fibrotic and anti-apoptotic effect of linderalactone,
RNA-Seq assay was performed. There were 699 DEGs, including 554
downregulated genes and 145 upregulated genes, between the T1DM
group and control group (Fig. 3A). By comparison, the TIDM mice
showed 117 downregulated DEGs and 481 upregulated DEGs in the
heart tissues regardless of linderalactone treatment (Fig. 3B). Interest-
ingly, KEGG enrichment analysis identified the potential involvement of
the MAPK pathway in the activity of linderalactone in diabetic mice
(Fig. 3C, D). Western blots validated that linderalactone dose-
dependently inhibited the diabetes-induced upregulation of MAPKs
pathway components, including p-JNK, p-Erk, and p-p38, at the protein
level in heart tissues (Fig. 3E, Supplementary Fig. S1B, P < 0.05).
Overall, 43 DEGs were upregulated in the TIDM group but down-
regulated in T1DM mice treated with linderalactone (Fig. 3F). These
DEGs were selected for conducting a predictive analysis of transcription
factors on the Enrichr website. The activating transcription factor 6B
(ATF6B) ranked first, suggesting that linderalactone may mediate the
activation of ATF6 in diabetic mice (Fig. 3G). Previously studies have
shown the disruption of ER homoeostasis under stress conditions, such
as diabetes, and a subsequent prolongation of the unfolded protein
response (UPR) [18,19]. ATF6 is a key sensor protein involved in
regulating ER homoeostasis [19]. As shown in Fig. 3H-J, the protein
expressions of ATF6 and transcription factor C/EBP homologous protein
(CHOP) were significantly increased in the T1DM group compared with
the control group and that linderalactone treatment decreased the levels
of ATF6 and CHOP in diabetic heart tissues (P < 0.05). Ultrastructural
examination of the cardiac tissues revealed endoplasmic reticulum was
dilated, ballooning degeneration, and fewer ribosomes in the T1DM
group compared with the control group, and linderalactone overtly
alleviated this abnormalitie (Fig. 3K). The above results indicate that the
mechanism by which linderalactone suppresses inflammation, fibrosis
and apoptosis may involve inactivation of MAPK signaling and inhibi-
tion of ATF6-mediated ER stress.

3.4. Linderalactone prevents HG-induced hypertrophy and fibrosis in
cultured cardiomyocytes

Based on the promising in vivo protective activity of linderalactone
against DCM, we wanted to determine whether linderalactone is able to
inhibit the well-documented outcomes of HG (33 mM D-glucose) on
cardiac cells. The effect of linderalactone on cell viability was evaluated
with CCK-8 assay. As shown in Supplementary Fig. S2A, linderalactone
treatment at dose from 0.2 to 125 pM had no significant effect on the
viability in H9C2 cells (P > 0.05), but it significantly inhibited cell
viability at 250 pM (P < 0.05). Thus, linderalactone at 10 pM and 20 pM
was selected for subsequent cell experiments. RT-qPCR analysis showed
that linderalactone dose-dependently suppressed the increased
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expression of Anp, Bnp, Tgfbl and Coll induced in H9C2 cells by HG
treatment (Fig. 4A-D, P < 0.05). Rhodamine phalloidin staining showed
that the increased cell size with HG stimulation was significantly
reversed in pretreated with linderalactone (Fig. 4E, F, P < 0.05). In
addition, linderalactone also lowered the protein expression ratio of
cleaved-caspase3 to caspase3 and upregulated the level of Bcl-2 in HG-
challenged H9C2 cells (Fig. 4G-I, P < 0.05). Apoptosis was further
assessed by flow cytometry. Linderalactone treatment significantly
decreased HG-induced early and late apoptotic rate in H9C2 cells
(Supplementary Fig. S2B, C, P < 0.05). These data demonstrate that
linderalactone prevents the induction of hypertrophy, fibrosis and
apoptosis resulting from the HG-treatment in cardiac cells.

3.5. Linderalactone protects cardiomyocytes against HG-induced damage
through inhibiting the MAPK/ATF6 signaling pathway

Since our in vivo results pointed to the modulation of MAPKs and
ATF®6 signaling pathway by linderalactone, we proceeded to determine
cardiac cells under HG stimulation for such mechanism. As expected, we
observed significantly increased the levels of p-JNK, p-Erk, and p-p38
with the exposure of HG, while these increases were reversed by lin-
deralactone treatment in H9C2 cells (Fig. 5A, B, P < 0.05). The mRNA
levels of Tnfa and 116 in HG-challenged H9C2 cells were also reduced by
linderalactone (Fig. 5C, D, P < 0.05). To clear whether or not
linderalactone-mediated anti-hypertrophic and anti-inflammatory effi-
ciency was dependent on the activation of MAPKs, the MAPKSs inhibitors
mixture was used to pre-treat H9C2 cells before linderalactone treat-
ment. The inhibition ratio of MAPKs inhibitors mixture for JNK, Erk and
p38 reached 71.67%, 74.33% and 73.00% respectively (Supplementary
Fig. S2D, E, P < 0.05). The inhibition of MAPKs remarkably reduced the
cell size in HG-challenged HOC2 cells, and no additive effects were seen
between HG + linderalactone group and HG + MAPKs inhibitors
mixture + linderalactone group (Fig. 5E, Supplementary Fig. S2F).
Consistent with this result, the mRNA levels of hypertrophy and pro-
inflammatory factors with HG stimulation were inhibited by MAPKs
inhibitors mixture, and there were no significant differences between
HG + linderalactone group and HG + MAPKs inhibitors mixture + lin-
deralactone group in H9C2 cells (Fig. 5F-I). Furthermore, linderalactone
downregulated the expression of ATF6 in HG-challenged H9C2 cells
(Fig. 6A, B, P < 0.05). The increased level of cytoplasmic Ca?" was also
prevented by linderalactone in HG-challenged H9C2 cells (Fig. 6C,
Supplementary Fig. S2G, P < 0.05). Notably, the increased expression of
ATF6 and cleaved-caspase3 with HG induction was significantly reduced
by MAPKs inhibitors mixture, and it had no significant difference be-
tween HG + linderalactone group and HG + MAPKSs inhibitors mixture
+ linderalactone group (Fig. 6D, E), indicating that no additive effects
were exhibited when HG-induced cells with linderalactone and MAPKs
inhibitors mixture treatment.

To strengthen our results that linderalactone preventing cardiac cells
from hypertrophy and inflammation is dependent on ATF6 pathway
under HG stimulation, we knocked down ATF6 in H9C2 cells, and
confirmed the silencing efficiency nearly 71.0% (Fig. 6F). Importantly,
knockdown of ATF6 significantly normalized HG-induced cleaved-cas-
pase3 and Bcl-2 expression (Fig. 6G, H, P < 0.05). It was interesting to
note that knockdown of ATF6 did not alter the levels of apoptotic-
related proteins in HG-challenged cells with or without linderalactone
treatment (Fig. 6G, H, P > 0.05). Similarly, RT-qPCR analysis showed
that knockdown of ATF6 mimicked linderalactone treatment, in terms of
decreasing HG-induced hypertrophic and inflammatory genes (Fig. 6I-L,
P < 0.05), while no additive effects were displayed when ATF6-
knockdown cells were pretreated with linderalactone (Fig. 6I-L, P >
0.05). However, knockdown of ATF6 did not influence the expression of
MAPK pathway under HG stimulation (Supplementary Fig. S3), indi-
cating that MAPK might be the upstream of ATF6. Collectively, these
results suggest that the protective effect of linderalactone against HG-
induced hypertrophy and inflammation may be associated with
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suppression of a MAPK-mediated ATF6 signaling pathway in cardiac linderalactone significantly attenuates cardiac hypertrophy, fibrosis,
cells. and apoptosis in STZ-induced diabetic mice, possibly through modu-
lating the MAPK-induced inflammatory response and ATF6-mediated ER

4. Discussion stress; (2) treatment of HG-challenged cardiomyocytes with linder-
alactone confirmed that the protective effect involves in MAPK/ATF6-

In the current study, we evaluated the cardioprotective action of mediated inflammation and ER stress (Fig. 7). Importantly, our results
linderalactone in diabetic mice. The two pivotal findings were that: (1) revealed a mechanistic explanation for the action of linderalactone as a
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potentially therapeutic candidate for preventing DCM progression.
Inflammatory responses in the myocardium are a causative factor for
diabetes-induced cardiac disorders [20]. A growing number of evidence
shows that pro-inflammatory factors, coupled with hypertrophy,
fibrosis, and the activation of cell apoptotic pathways, play crucial roles
in the progression of the biochemical, and pathological alterations
related to DCM [21]. In line with previously results, the DCM in the type
1 diabetic mouse model was characterized by elevated levels of serum
markers of cellular injury and increased heart hypertrophy, fibrosis, and
cell death accompanied by upregulation of inflammatory factors.

Similar results were observed in the HG-challenged H9C2 cells. Never-
theless, the currently available treatments for DCM remains poor.
Recent years, herbal medicines, such as sesquiterpene lactones like
linderalactone, have been gathering wide attention for their car-
dioprotective efficacy [22,23]. Linderalactone shows extensively phar-
macological potential and anticancer properties [16], but the influence
of linderalactone on diabetes-associated cardiomyopathy has not been
evaluated. In this study, the treatment of diabetic mice with linder-
alactone at either 2.5 mg/kg or 5 mg/kg showed clear protection against
myocardial pathological injury and structural changes. However,
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Fig. 6. Linderalactone protects cardiomyocytes against HG-induced damage through inhibiting the MAPKs/ATF6 axis. Western blot analysis of ATF6 and CHOP in
the cardiac cells (A) and quantitative analysis (B). (C) Representative images of Fluo4 staining in H9C2 cells. Scale bar, 100 pm. (D) Immunoblot analysis for ATF6,
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Densitometric quantification was shown in panel (H). RT-qPCR analysis of transcript levels of Anp (1), Bnp (J), Tnfa (K) and II6 (L) in H9C2 cells. Values are mean +
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expansion of the application of linderalactone will require exploration of
its specific molecular mechanisms.

Our data from RNA-seq analysis data showed a unique involvement
of the MAPK signaling pathway in the linderalactone treatment of dia-
betic mice. MAPKs respond to a variety of stimuli, such as cytokines,
reactive oxygen species, and high glucose [24,25]. Under these stresses,
highly conserved MAPK enzymes are triggered phosphorylation cas-
cades. The MAPK signaling pathway is implicated in the pathogenesis of
DCM, as the hearts of diabetic mice show upregulated phosphorylation
of MAPKs. It has reported that JNK and p38 could induce the apoptosis
and inflammation both in STZ-induced diabetic mice and in HG-cultured
neonatal rat ventricular cardiomyocytes resulting in cardiac dysfunction
[26]. Inactivation of JNK and p38 via intra-myocardial injection of
lentiviruses attenuates the inflammatory response and apoptosis in
diabetic mice [26]. Moreover, Erk has been reported to contribute to
TGF-f expression in the condition of HG, while the upregulated TGF-p
was suppressed by the Erk inhibitor U0126 [27]. Consistent with these
reports, our present study demonstrated that the activation of MAPKs
was robustly increased in both diabetic heart tissues and HG-induced
myocardial cells, and such increases were closely associated with dete-
rioration in myocardial hypertrophy and inflammation. Interestingly,
linderalactone treatment obviously prevented the phosphorylation of
MAPKs both in vivo and in vitro. Furthermore, we found that the JNK,
Erk, and p38 inhibitors mixture suppressed HG-induced the increases of
hypertrophic genes and inflammatory cytokines in H9C2 cells, and
combining with linderalactone showed no additive effects. These results
point to MAPKs as a potential therapeutic target of linderalactone for
DCM.

Our further evaluations confirmed an involvement of ATF6 in the
anti-DCM effects of linderalactone. The linderalactone response appears
to involve ER stress, an emerging factor in chronic metabolic disorders,
such as insulin resistance, obesity, and diabetes [28]. These pathological
conditions destroy ER homeostasis and cause the accumulation of
unfolded or misfolded proteins, resulting in a prolonged UPR and
eventually causing ER stress [29]. ATF6 is a key transcriptional activator
and participates in UPR signaling regulation during ER stress [30]. It has
been reported that the expression of ATF6 is increased accompanied by
apoptosis in hypoxia/reoxygenation (H/R)-induced myocardial cells,
while knockdown of ATF6 could abolish H/R-induced cellular damage
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[31]. A recent study has also shown that ER stress plays a pivotal role in
myocardial ischaemia/reperfusion injury in diabetic rats [32]. In this
study, we found that linderalactone treatment significantly down-
regulated the increases in ATF6 protein levels in the diabetic myocar-
dium and in HG-challenged H9C2 cells. The abnormal structure of the
ER in the diabetic heart was also corrected by linderalactone treatment.
ER stress is also implicated in pro-inflammatory signaling and pro-
apoptosis by modulation of CHOP [33]. We found that linderalactone
treatment decreased diabetes/HG-induced the increases expression of
CHOP. It is noteworthy that ER stress causing inflammation is associated
with MAPK pathway, which potentially serves as an upstream
messenger for ATF6 [34,35]. ATF6 has been demonstrated to be a sub-
strate of p38 [36]. Wang et al. showed that p38 could activate multiple
ER sensor proteins, including CHOP, to increase the transcription ac-
tivity [37]. We also found that linderalactone inhibited the HG-induced
increase expression of ATF6 in H9C2 cells, and knockdown of ATF6
expression in these cells significantly improved the HG-induced
apoptosis, hypertrophy, and inflammation in H9C2 cells. Collectively,
these findings support the possibility that linderalactone prevents DCM
in diabetic mice via actions on the MAPK/ATF6 signaling pathway.

Actually, this study had several limitations. In our experimental
system, prophylactic administration was applied. To verify the possi-
bility regarding the clinical use of linderalactone on diabetic cardio-
myopathy, the therapeutic administration may be investigated in the
future study. In addition, further studies will be warranted to clarify the
direct target of linderalactone and illustrate the specific mechanism by
which linderalactone inhibits MAPKs activation.

5. Conclusion

In summary, our study demonstrated that linderalactone possibly
protected against cardiomyopathy in diabetic mice. Linderalactone has
anti-hypertrophy, anti-apoptosis, and anti-inflammation activities that
appears to involve inhibition of the MAPK pathway and ATF6-mediated
ER stress in diabetic hearts. Along with its cardioprotective effects,
linderalactone prevented HG-induced hypertrophy, apoptosis, and
inflammation via MAPK/ATF6 pathway in vitro. Prospective research
focusing on chemical analogues and combination therapy might be
beneficial for the further development of linderalactone as a candidate
or lead compound for the treatment of DCM. These results may provide a
promising pharmaceutical alternative to address diabetes-related
cardiomyopathy.
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