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inflammatory injury of diabetic cardiomyopathy in vitro and in vivo
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Abstract

In diabetic patients, diabetic cardiomyopathy (DCM) is one of the most common causes of death. The inflammatory response
is essential in the pathogenesis of DCM. Rhein, an anthraquinone compound, is extracted from the herb rhubarb, demonstrat-
ing various biological activities. However, it is unclear whether rhein has an anti-inflammatory effect in treating DCM. In
our research, we investigated the anti-inflammatory properties as well as its possible mechanism. According to the findings
in vitro, rhein could to exert an anti-inflammatory effect by reducing the production of NO, TNF-a, PGE,, iNOS, and COX-2
in RAW264.7 cells that had been stimulated with advanced glycosylation end products (AGEs). In addition, rhein alleviated
HOC2 cells inflammation injury stimulated by AGEs/macrophage conditioned medium (CM). In vivo have depicted that
continuous gavage of rhein could improve cardiac function and pathological changes. Moreover, it could inhibit the accu-
mulation of AGEs and infiltration of inflammatory factors inside the heart of rats having DCM. Mechanism study showed
rhein could suppress IKKf and IxB phosphorylation via down-regulating TRAF6 expression to inhibit NF-xB pathway
in AGEs/CM-induced H9C2 cells. Moreover, the anti-inflammation effect of rhein was realized through down-regulation
phosphorylation of INK MAPK. Furthermore, we found JINK MAPK could crosstalk with NF-kB pathway by regulating IxB
phosphorylation without affecting IKKf activity. And hence, the protective mechanism of rhein may involve the inhibiting of
the TRAF6-NF/xB pathway, the INK MAPK pathway, and the crosstalk between the two pathways. These results suggested
that rhein may be a promising drug candidate in anti-inflammation and inflammation-related DCM therapy.
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Abbreviations

AG Aminoguanidine

AGEs Advanced glycation end products

CM Macrophage conditioned medium

COX-2  Cyclooxygenase 2

DCM Diabetic cardiomyopathy

EF Ejection fraction

EMPA  Empaglifiozin

ERK Extra cellular regulated protein kinase

FS Fractional shortening

IKK IxB kinase

iNOS Inducible nitric oxide synthase

1xB Inhibitor of NF-xB

LVIDd  Left ventricular end-diastolic internal diameter

LVIDs  Left ventricular end-systolic internal diameters

LVPWd Left ventricular posterior wall thickness during
diastole

LVPWs Left ventricular posterior wall thickness during
systole

INK C-jun n-terminal kinase

MAPK  Mitogen-activated protein kinase

MyD88 Myeloid differentiation primary response gene
88

MMP Mitochondrial membrane potential

NF-xB  Nuclear factor-xB

PGE, Prostaglandin E,

STZ Streptozotocin

T2DM  Type 2 diabetes mellitus

TLR4 Toll-like receptors 4

TNF-a  Tumor necrosis factor a

TRAF6  The tumor necrosis factor receptor-associated
factor 6

Introduction

Diabetes mellitus (DM), is a chronic disease threatening
human health, with its prevalence rising annually from a
younger age. As per the epidemiological surveys, DM affects
463 million people around the world, and expected to rise
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to 578 million by the year 2030 [1]. DM could entail vari-
ous complications, such as cardiovascular disease being one
of the leading causes of death and disability, with approxi-
mately 2/3rd of DM patients dying yearly [2, 3]. One of
the many cardiovascular complications of DM is diabetic
cardiomyopathy (DCM). It is independent of myocardial
ischemia, coronary atherosclerotic heart disease, heart valve
disease, hypertension, and other cardiomyopathies, leading
to structural or/and functional abnormalities in heart. DCM
is characterized by myocardial fibrosis, myocardial inflam-
mation, apoptosis, cardiac dysfunction, etc. DCM induces
changes in diastolic and/or systolic cardiac function, lead-
ing to heart failure. It is a major cause of end-stage death
among DM patients [4]. The exact cause of DCM is unclear
because of its complexity and multifaceted pathogenesis.
Efficacy of current clinical treatment, which focuses on glu-
cose and blood pressure regulation, lipid management, and
heart failure suppression, is low. Therefore, investigating the
pathogenesis of DCM and actively seeking new drugs to
effectively prevent and treat DCM is crucial.

It has been confirmed that DCM is closely associated
with a chronic inflammatory response [5]. Monocytes-
macrophages are the primary immune cells in diabetic
cardiomyopathy and possess the ability to polarize pheno-
typically. Depending on their activation status and function,
macrophages are classified classically (M1 type) and alterna-
tively (M2 type) activated. M1 macrophages are responsible
for producing multiple pro-inflammatory cytokines. Some of
these cytokines and chemokines include tumor necrosis fac-
tor-alpha (TNF-a), interleukin 6 (IL-6), and inducible nitric
oxide synthase (iNOS). These cytokines and chemokines act
as a response to inflammation. In contrast, M2 macrophages
suppress inflammation and repair tissues by secreting immu-
nosuppressive cytokines, among them are the enzyme argi-
nase 1 (Argl), the cytokine interleukin 4 (IL-4), and the
cytokine interleukin 10 (IL-10).

Glycosylation end products (AGEs), are polymers that
are formed when proteins, lipids, nucleic acids, and glucose
all react together in the absence of enzymes. Under physi-
ological circumstances, the formation of AGEs is a slow
process, and they tend to build up in the skin, cartilage, and
pericardial fluid in only trace amounts. In contrast, the accu-
mulation of AGEs is accelerated illnesses such as diabetes,
obesity, and metabolic syndrome are examples of these [6].
The development and accumulation of AGEs are one of the
characteristic pathological changes of DM. Moreover, it
is also an essential inducer of the inflammatory response.
AGESs accumulate in large quantities in the body as a result
of accelerated glycosylation reactions or impaired clear-
ance of glycation products in the intermediate and advanced
stages of diabetes. This causes AGEs to bind to receptors on
the surface of macrophages, which promotes polarization of
macrophages towards the M1 and results in the release of
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pro-inflammatory mediators, both of which can eventually
cause damage to myocardial tissue or fibrosis. In addition,
recent research has shown that AGEs have the ability to bind
to toll-like receptors 4 (TLR4) on myocardial cell surface
in diabetic mice. This in turn recruits the downstream sign-
aling molecule myeloid differentiation factor 88 (MyDS88),
which could activate nuclear factor-kB (NF-xB) and mito-
gen-activated protein kinase (MAPK) signaling pathways,
mediate immune inflammation, and eventually lead to DCM
[7]. AGEs-mediated immune inflammation is involved in
DCM pathogenesis, which is difficult to be cleared once
they have accumulated in cells and formed covalent bonds.
Therefore, searching for a therapeutic strategy to antagonize
AGEs-mediated immune inflammation could be a practical
approach to preventing and treating DCM.

Rhein, a natural anthraquinone compound, is extracted
from the herb Rheum officinale Baill. It is responsible for
various bioactivities, such as anti-inflammatory, antineoplas-
tic, improving insulin resistance, and promoting microcircu-
lation [8—11]. Previous studies have described that rhein can
improve insulin resistance by upregulating the production
of insulin receptor substrate-1 (IRS-1), phosphatidylinositol
3-kinase (PI3K), and Akt Ser473 phosphorylation in DM
mice model. Rhein also enhances glucose uptake and utiliza-
tion by adipose tissue by upregulating peroxisome prolifera-
tor-activated receptor Y (PPARY) and expression of glucose
transporter type 4 (GluT-4) mRNA among diabetic models
[12]. Additionally, rhein was able to inhibit the secretion
of inflammatory factors such as IL-6, IL-1p, and TNF-a
in RAW264.7 cells when those cells were stimulated with
lipopolysaccharide (LPS) [13]. Thus, rhein has the potential
efficacy in managing diabetic complications by improving
insulin resistance and suppressing inflammation in diabetes.
However, whether rhein can exert its protective effect against
DCM through anti-inflammatory has not been reported.

Therefore, an in vitro (i.e., AGEs-stimulated macrophage
conditioned medium induced myocardial HOC2 cell injury
model) and an in vivo model of diabetic animals were estab-
lished and administered using rhein to investigate whether
rhein has a cardioprotective effect against DCM by alleviat-
ing the inflammatory immune response. This study could
provide an experimental and theoretical basis for preventing
and treating DCM.

Materials and methods

Materials

Rhein (C,;sHgO¢) was obtained from Macklin Biochemical
Company (Shanghai, China). AGEs were obtained from

Biosynthesis Company (Beijing, China). Aminoguani-
dine (AG) was purchased from Sigma Company (USA).
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Dimethylsulfoxide (DMSQO) was purchased from Beyotime
(Shanghai, China). MTT and Cycloheximide (CHX) were
purchased from Abcam. Hyclone was the source for both
Dulbecco’s Modified Eagle medium (DMEM) and fetal
bovine serum (FBS) (Waltham, MA, USA). Prostaglandin
E, (PGE,) ELISA kit was from FineTest (Wuhan, China).
ExCell Bio Company (Shanghai, China) provided the TNF-o
and IL-1p ELISA kit that was used in this study. An assay
kit for nitrite oxide (NO) was provided by the Nanjing
Jiancheng Institute (Jiangsu, China). The Beyotime Insti-
tute of Biotechnology (Shanghai, China) provided the stain-
ing kits for Hoechst 33258 as well as Rhodamine 123, the
compounds BAY 11-7082, SP 600125, and SB 202190 and
NF-kB Activation and Nuclear Translocation Assay Kit.
TUNEL staining kit was obtained from Nanjing Jiancheng
(Nanjing, China). OxiSelect™ AGE:s kit was from Cell Bio-
labs (San Diego, USA). The primary and secondary antibod-
ies were from CST (Beverly, USA).

Cell culture

Both the RAW264.7 macrophage cell line and the H9C2 Rat
myocardial cell line were obtained from Oricell® (Guang-
zhou, China). Cells were cultured in DMEM (4500 mg/1 glu-
cose) containing 10% FBS and 1% penicillin—streptomycin
at 37 °C in the cell incubator.

Treatment of H9C2 cardiac cells
with macrophage-conditioned medium

AGE:s at a concentration of 300 pg/ml were used to stimulate
RAW?264.7 cells for a period of 24 h. The activated mac-
rophage cells could release inflammatory factors into the
medium. And the supernatant liquid from RAW?264.7 cells
was collected as AGEs/conditioned medium (CM). After
that, HOC2 cells were stimulated with AGEs/CM with or
without rhein (at concentrations of 5, 10, or 20 pM) for a
period of 48 h (Fig. 2A).

Cell viability assay

RAW264. 7 cells were added into a 96-well plate at a den-
sity of 8 x 10° per well and left there for 24 h before being
stimulated by AGEs at a concentration of 300 pg/ml with
or without rhein at concentrations of 5, 10, or 20 pM. After
24 h of being seeded at a density of 5x 10° cells per well
in a 96-well plate, the HOC2 cells were grouped and stimu-
lated by AGEs/CM with or without rhein (5, 10, 20 pM) for
another 48 h. This process was repeated three times. The
MTT assay was used to determine the cell survival rate.
In a nutshell, the supernatants of the cells were discarded
and replaced with new cell culture medium that contained
0.5 mg/ml of MTT and was incubated at 37 °C for 2—4 h.

Then add DMSO into cells and formazen absorbance was
measured at 570 nm.

NO assay

RAW264.7 cells were seeded in a 48-well plate (1.5x 10*
cells/well) for the first 24 h. After that, the cells were stimu-
lated by AGEs at 300 pg/ml with or without rhein at 5, 10
or 20 uM for another 24 h. The amount of NO in the cells
was measured using a commercial kit. To sum up, we took
the medium from the cells and combined it with Griess rea-
gent at a 1:3 ratio. After that, the cells were left to rest in
an incubator at room temperature for 10 min. In addition, a
measurement of 540 nm was obtained for the optical density
of the solution.

ELISA assay for TNF-a and PGE,

In a 48-well plate, 1.5 x 10%/well RAW264.7 cells were cul-
tured for 24 h before being stimulated by AGEs with or with-
out rhein for 8 h (TNF-a assay) or 24 h (cell viability assay)
(PGE, assay). According to the experimental protocols of
ELISA Kkits, the contents of TNF-a and PGE, were measured
and determined to be present in the supernatants.

Hoechst 33258 apoptosis assay

For the Hoechst 33258 apoptosis assay of rhein against
AGEs/CM-induced cytotoxicity, HOC2 cells were co-treated
with AGEs/CM and rhein as described previously for 48 h.
Following a wash with PBS, the cells were fixed with cold
paraformaldehyde at a concentration of 4% for 20 min before
being incubated with Hoechst 33258 solution at 37 °C for
8 min. After performing three washes in PBS, fluorescent
images were captured using a microscope equipped with a
fluorescence mode.

Rhodamine 123 staining assay

HOC2 cells were stimulated by AGEs/CM with or with-
out rhein for 48 h. After that, a Rhodamine 123 solution
of 20 pM was added into the cells, and they were left to
incubate at 37 °C and out of the light for 30 min. A fluores-
cence microscope was used to take the photographs of the
fluorescent images.

Immunofluorescence assay

For intracellular staining of NF-kB p65, HIC2 cells were
inoculated onto poly-L-lysine-coated coverslips in a 48-well
plate (2 x 10%/well) for 24 h. Cells were fixed with 4% para-
formaldehyde as well as perforated with 0.2% Triton X-100
for 15-20 min at 37 °C following treatment with AGEs/
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CM with or without rhein for 4 h. Primary antibody against
NF-xB p65 (1:250) was incubated with the cells for 12 h at
4 °C after they were blocked with PBST containing 5% BSA
for 2 h. After being washed three times, the cells were left
to incubate with a secondary antibody for 2 h at ordinary
temperature in dark place. For nuclear staining, DAPI was
used as a counterstain. A fluorescence microscope was used
to examine the immunofluorescence images.

Western blot analysis

HOC2 cells or the hearts of rats were collected after treat-
ment and lysed in RIPA buffer on ice for 30 min. To separate
the components of the whole cell lysates, they were centri-
fuged at 12,000 rpm for 8 min. Proteins from the nucleus
and the cytoplasm were isolated using a Nuclear Extraction
kit. Bradford assay was used to quantify protein concentra-
tions. The same amount of protein samples were added to
the SDS-PAGE system for electrophoresis separation and
then electrotransferred to the PVDF membranes. The protein
bands were incubated with primary antibody at 4 °C for
more than 12 h with minimal shaking after being blocked
with non-fat milk at 5% (w/v) for 1 h. After being washed
with PBST three times, the PVDF membranes were then
treated with a secondary antibody at room temperature for
a period of 2 h. After performing three separate washes,
ECL was subsequently applied to the PVDF membranes to
visualize the prorein bands.

Cellular thermal shift assay (CETSA)

For cell lysate CETSA experiment, HOC2 cells were col-
lected and freeze-thawed five times using liquid nitrogen.
The cell lysates were grouped into two aliquots, with one
serving as the control and the other being treated with rhein
(20 pM) for 4 h at 4 °C. Then, the lysates were heated at
indicated temperatures (44—62 °C, respectively) for 5 min
followed by cooling at room temperature. The protein bans
were detected by immunoblot.

Quantification of mRNA expression by real time-PCR

AGESs/CM would be used to stimulate H9C2 cells for thirty
minutes with or without the addition of rhein. Utilizing the
Boxbio® RNA Extraction Kit, total RNA was successfully
isolated. In order to conduct reverse transcription, we uti-
lized the RevertAid First Strand cDNA Synthesis Kit (Fer-
mentas). Moreover, for the purpose of amplification, The
SeqPlex™ RNA Amplification Kit was utilized. RT-PCR
was performed on the ABI 7500 system (MA, USA). The
following is a list of the sequences of primers: TRAF6 for-
ward primer, 5'-TTC CAG AAG TGCCA GGT TAA TAC-
3'; reverse primer, 5-CAA GTG TCGTG CCA AGT GAT-3'
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and GAPDH forward primer, 5-GGT GAA GGTCG GTG
TGA ACG-3'; reverse primer, 5'-CTC GCT CCTGG AAG
ATG GTG-3'". There was a triplicate analysis of each sample.
The relative expression of genes was normalized to GAPDH,
and the following formula was employed to calculate the
results: level of relative mRNA expression of the TRAF6
gene (folds of control) = 2~AACT

Animal treatment

The Experimental Animal Ethics Committee of the First
Affiliated Hospital of Guangzhou University of Chinese
Medicine approved all animal experiments.

The Experimental Animal Centre of Guangzhou Univer-
sity of Chinese Medicine supplied 55 male Sprague-Dawley
(SD) rats aged 4 weeks and weighing 70+ 10 g (License
number: SCXK(Guangdong)2018-0020). As the control
group, we randomly selected 10 rats and fed them normal
chow. Except for that, the remaining 45 were fed a high-
sugar/fat diet (high-AGEs diet, containing 60.4% basal diet,
20% sucrose, 10% lard, 1.5% cholesterol, 8% egg yolk pow-
der, and 0.1% sodium cholate). All animals were housed
within the Guangzhou University of Chinese Medicine’s
Animal Experimentation Centre. Moreover, All the rats were
allowed to drink freely and were kept in sanitary conditions
in the specific pathogen-free (SPF) environment at 22 + 1 °C
and relative humidity of 40% + 5% under the circumstance of
a 12 h’ light cycle. Six weeks after feeding, a small dose of
streptozotocin (STZ) 30 mg/kg was administered intraperi-
toneally for three consecutive days to induce a rat model of
type 2 DM. Then, the fasting blood glucose was determined
on days 3 and 7 post-STZ injections. In type 2 diabetic rat
models, fasting glucose levels of > 16.7 mmol/l were con-
sidered at both time points. In this experiment, 36 rats were
successfully modeled.

After successful diabetic modeling, the subjects were ran-
domly assigned to the DCM model group, low-dose rhein
(100 mg/kg), high-dose rhein (200 mg/kg), and empagliflo-
zin (30 mg/kg) groups. Rhein and EMPA were dissolved
in 1% carboxymethylcellulose sodium, respectively, before
administration. Sodium carboxymethylcellulose was admin-
istered in equal amounts to the control and DCM groups. All
rat groups were gavaged daily for 12 weeks.

Echocardiography assessment of cardiac functions

After the gavage, the rats were anesthetized using 1%
pentobarbital sodium. Then, they were placed in a supine
position on a rat board, with the anterior thoracic region
and anterior abdomen shaved. The left ventricular end-
diastolic internal diameter (LVIDd), left ventricular
end-systolic internal diameters (LVIDs), left ventricular
posterior wall thickness during diastole (LVPWd) and
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left ventricular posterior wall thickness during systole
(LVPWs5s) of each group were measured with small ani-
mal ultrasonography. Fractional shortening (FS) and ejec-
tion fraction (EF) were calculated to evaluate the impact
of rhein on the cardiac function of rats. The mean val-
ues were obtained after 10 successive cardiac cycles of
measurement.

FS

[(LVIDd — LVIDs) / LVIDd] x 100%.

EF

[(LVIDd3 — LVIDs3) / LVIDd3] x 100%.

Biochemical parameters determination

Following the gavage, the rats were anesthetized, positioned
supine, and blood was drawn from the abdominal aorta.
After collecting whole blood into tubes containing sodium
heparin anticoagulation, we then waited 20-30 min at ordi-
nary temperature for the blood to become coagulated. The
next step is to obtain the supernatant by centrifuging the
blood at a rate of 4000 revolutions per minute for 10 min
while maintaining a temperature of 4 °C. After that, the
supernatant was stored inside a refrigerator at — 80 °C. Then,
the animals were immediately executed and the hearts were
quickly removed. The myocardial tissues were frozen in lig-
uid nitrogen and stored in a refrigerator with a temperature
of —80 °C.

Based on the manufacturer’s instructions, the inflamma-
tory factors (TNF-a and IL-1) in blood specimens were
discovered employing ELISA. Simultaneously, the concen-
trations of AGEs in myocardial tissue were measured adopt-
ing the OxiSelect™ AGEs ELISA kit.

Staining of myocardial tissue sections

After the animals were put to death in the manner outlined
earlier, the heart tissue was harvested and then stored in
paraformaldehyde at a concentration of 4% for one night.
Then, the fixed tissues were placed in an embedding box.
Following a series of alcohol gradients for dehydration,
the heart tissues were encapsulated in paraffin blocks. The
embedded tissue blocks were cut into thin segments of 4 um
and subjected to hematoxylin—eosin (HE) and masson stain-
ing, correspondingly, for the purpose of determining histo-
pathological hypertrophy and fibrosis of the myocardium.
TUNEL staining was performed based on the manufacturer's
protocol to visualize apoptotic cells within the myocardial
tissue. Photographs were taken using an optical microscope
(HE and Masson staining magnified at 40X, and TUNEL
staining magnified at 10x).

Statistical analysis

For analysis, SPSS 16.0 was utilized, and experimental
data were expressed as Mean + SD. from minimum of
three separate experiments. The means values were being
made an comparison by One-way ANOVA with Bonfer-
roni’s post hoc test. P <0.01 indicated a statistically sig-
nificant difference, whereas P < 0.05 indicated an observ-
able distinction.

Results

Rhein downregulated inflammatory factors
in AGEs-induced RAW264.7 cells

Rhein is a kind of emodin-type hydroxy-anthraquinone,
which mainly exists in traditional Chinese medicines like
Rheum officinale Baill. Rhein is well acknowledged for its
pharmacological activities, such as anti-inflammatory. Its
chemical structure is shown in Fig. 1A.

We first tried to establish the AGEs-induced inflam-
matory macrophage model in a concentration- and time-
dependent manner (Supporting Information Fig. ST1A).
With the increase of AGEs concentration, the production
of NO in each group increased gradually. For 8 h-treated
and 16 h-treated groups, there was no significance v.s.
control. However, after the intervention of AGEs (300 pg/
ml) for 24 h, the production of NO in RAW264.7 cells
increased dramatically, which was about 4 times that of the
control group. Supporting Information Fig. S1B showed
that there was no significant decrease in the RAW264.7
cells viability treated with rhein below 20 pM for 24 h.
With the increase of rhein concentration, the survival
rate decreased significantly in a concentration-dependent
manner.

Given the above results, we then evaluated the effect
of rhein (5, 10, or 20 pM) 24 h of treatment with AGEs
(300 pg/ml) reduced the viability of RAW264.7 cells.
Consequently, it demonstrated a fact that the concentra-
tion range studied of rhein did not induce cell toxicity
(Fig. 1B). We have proven that rhein reduced the expected
increases in NO, TNF-a, and PGE, in AGEs-induced
RAW264.7 cells in a concentration-dependent sort of way
(Fig. 1C-E). Similarly, protein bands analysis showed
rhein treatment significantly reduced iNOS, and cycloox-
ygenase 2 (COX-2) interpretation in a concentration-
dependent sort of way (P <0.01 or P <0.001) (Fig. 1F). In
addition, our results suggested that the anti-inflammatory
effect of rhein (20 pM) was comparable to that of the posi-
tive control drug aminoguanidine (AG), a selective AGEs
inhibitor.
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Fig.1 Rhein reduced the production of inflammatory factors in
RAW264.7 that had been activated. RAW264.7 cells were treated
with 300 pg/ml AGEs and 5, 10 or 20 pM concentrations of rhein. A
The chemical structure and molecular weight of rhein are depicted.
B The cell viability was measured using MTT. C Using a commer-

Rhein protected cardiac H9C2 cells
against inflammation injury induced by AGEs/
macrophage-conditioned medium

After validating that rhein had anti-inflammatory effect on
AGEs-stimulated RAW?264.7 cells, we further explored the
effects of AGEs on cardiac HI9C2 cells. Firstly, we need to
establish a toxic cardiomyocytes model. Our supporting
results had shown that 50-300 pg/mL AGEs had no cyto-
toxic effect on H9C2 cells (Supporting Information Fig.
S2A). Moreover, 50-300 pg/mL AGEs had no effects on
the production of NO and LDH in HOC2 cells (Supporting
Information Fig. S2B, C), indicating that AGEs isn’t an ideal
agent for inducing inflammatory injury in HOC2 cells. As
inflammatory mediators secreted by activated RAW?264.7
cells may promote cardiac fibrosis and apoptosis [14], and
the dysfunction of resident macrophages or the inability
of macrophages to communicate with myocardial cells,
endothelial cells, and fibroblasts may result in abnormal
repair, persistent injury, and heart failure, we tried to induce
an inflammatory cell model that simulated the environment
in vivo.

We successfully established a novel inflammatory injury
H9C2 model by incubating cells with macrophage-con-
ditioned media (CM). Supernatant collected from AGEs
(300 pg/mL)-stimulated RAW?264.7 cells was used as CM
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cial kit, NO production was detected. D TNF-a levels were detected
by ELISA. E PGE, levels were measured by ELISA. F Western blot-
ting was used to quantify the expression of iNOS and COX-2. N.S. no
significance. P <0.001 compared to the control group; *P <0.05,
**P<0.01, #*P <0.001 relative to AGEs group

to incubate HOC2 cells for 48 h to induce injury (Fig. 2A).
Initially, we examined the viability of HIC2 cells in the
conditioned medium system using the MTT assay. The
result showed that rhein treatment could prevent the AGEs/
CM-induced decrease in cell viability in a concentration-
dependent manner (P <0.05) (Fig. 2B). The morphology of
HOC2 cells was subsequently observed using an inverted
microscope. The cells in the control group grew well, mainly
in a shuttle shape. However, the AGEs/CM-induced H9C2
cells were irregularly polygonal or round, with elevated
vacuolation and cellular debris. Rhein (5, 10, 20 pM) could
gradually enhance the cell morphology (Fig. 2C). Addi-
tionally, Hoechst 33258 staining demonstrated that AGEs/
CM significantly increased myocardial apoptosis compared
to the control group (P <0.01); nonetheless, the apoptosis
rate was markedly decreased when H9C2 cells were treated
with 5, 10 or 20 pM rhein (P <0.05 or P<0.01) (Fig. 2C,
D). Rhodamine 123 staining also reflected the protective
effect of rhein. Rhodamine 123 can enter the mitochondrial
matrix selectively in normal cells based on the mitochon-
drial transmembrane potential (A%¥m) and emit bright green
fluorescence. However, in injury cells, Rhodamine 123 is
published from mitochondria leading to a decline in mito-
chondrial membrane potential, resulting in a substantial
decrease in the intensity of green fluorescence in mitochon-
dria. In comparison to the control group, the model group's
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green fluorescence was considerably reduced (P <0.001);
whereas the injury H9C2 cells induced by AGEs/CM were
blocked by rhein treatment (P <0.05 or P<0.01) (Fig. 2C,
E). These results indicated that rhein had a protective effect
against AGEs/CM-induced cardiomyocyte damage.

Rhein ameliorated AGEs/CM-induced
inflammation response in H9C2 cells by inhibiting
the IKKB-1kB-NF-kB signaling pathway

NF-xB, as a primary transcription factor, plays a crucial
role in the regulation of TNF-a, PGE,, and NO produc-
tion the inflammatory reaction [15]. The phosphatation of
NF-xB resulting inside its nuclear translocation but also
activation of proinflammatory genes [16]. Immunofluo-
rescence imaging revealed that AGEs/CM stimulated the
translocation of NF-kB p65 from of the cytoplasm to the
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nucleus, and that this process was nearly blocked by con-
centration-dependent rhein treatment (Fig. 3A). As well
as we noticed the rhein (5,10, 20 pM) could significantly
inhibit the NF-xB p65 phosphorylation level induced by
AGEs/CM in H9C2 cells (P <0.001, Fig. 3B). In addition,
the suppressive effect of rhein on NF-xB p65 nuclear trans-
location was verified by western blot analysis (Fig. 3C).
We further investigated the impact of rhein on inducing
IxB kinase a/p (IKKa/f) and inhibitor of NF-xB (IkB),
two crucial upstream regulators of NF-kB activation. Our
results indicated that rhein treatment (5, 10, 20 pM) could
reverse the markedly elevated levels of phosphorylation
IKKo/p and IkB ended up causing by AGEs/CM (P <0.01
or P<0.001) (Fig. 3D). Overall, these findings demon-
strated that rhein might effectively impede the IKKf/IxkB/
NF-kB inflammatory pathway activation induced by AGEs
and CM.
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Fig.3 Rhein’s impact on IKKf-IkB-NF-kB signaling pathway in
AGEs/CM-induced H9C2 cells. A NF-kB p65 nuclear translocation
was observed by fluorescence microscopy. Red and blue fluorescence
represent NF-kB p65 subunit and nuclear DAPI staining respectively
(scale bar 100 pm). B NF-kB p65 phosphorylation was ascertained

Rhein inhibited NF-kB pathway activation
by downregulating TRAF6 expression

The TLR4 pathway is central to the activation of reactions in
response to AGEs or pro-inflammatory stimulators [17]. The
tumor necrosis factor receptor-associated factor 6 (TRAF6)
is a crucial protein mediator in TLR4 pathway and can trans-
duce signals from upstream molecules such as the myeloid
distinctiveness primary response gene 88 (MyD88) and
interleukin-1 receptor-associated kinase 1 (IRAK1). Acti-
vated TRAF®6 recruits other proteins, including transform-
ing growth factor-p-activated kinase-1 (TAK1) and TAK1-
binding protein 2 (TAB2), to form protein kinase complexes.
The protein kinase complexes further stimulate phosphoryla-
tion of IKK and IkB degradation in order to activate NF-xB
[18, 19]. Western blot analysis showed that rhein treatment
inhibited the production of TRAF6 induced by AGEs/CM
in a concentration-dependent manner (P <0.001, Fig. 4D),
without affecting consequently expression of MyD88, IRA-
Kland TAB2 (Fig. 4A). In addition, after HIC2 cells were
treated with AGEs/CM with or without rhein for 30 min,
RT-PCR was used to determine if the changes in TRAF6
protein expression were mirrored by a change in mRNA
expression. We found mRNA expression of TRAF6 was
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by Western blot analysis. C Western blot examination of NF-xB p65
nuclear translocation was performed. D Western blot evaluation was
performed for IKKp and IkB phosphorylation. ##P<0.001 com-
pared to the control group; **P <0.01, ***P <0.001 compared to the
AGEs/CM group

not affected by rhein treatment (Fig. 4E) and suggested that
rhein might regulate TRAF6 expression through post-trans-
lational modifications.

In order to further verify that rhein does not inhibit the
expression of TRAF6 by regulating the transcription level,
we used 20 uM protein synthesis inhibitor cycloheximide
(CHX) to suppress newly synthesized proteins, and found
that rhein (20 pM) significantly accelerated TRAF6 deg-
radation in a time-dependent fashion (Fig. 4B). And we
found that rhein treatment alone without AGEs/CM did not
affect the gene transcription level of TRAF6 in HOC2 cells
(Fig. 4C). Thus, we speculated that rthein may down-regulate
TRAF6 expression by promoting protein degradation rather
than inhibiting its synthesis.

Rhein inhibited JNK MAPK activation and JNK MAPK
could crosstalk with the NF-kB pathway by targeting
IkB

MAPKSs pathways are preserved signaling cascades in which
a variety of protein kinases transmit signals from the cell
membrane to a nucleus. For the purpose of examining the
effect of rhein on the activation of the MAPKSs pathway, we
measured the levels of phosphorylation and total expression
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Fig.4 Rhein inhibited NF-kB pathway activation by downregulating
TRAF6 expression. A Utilizing western blot, the expression levels of
MyD88, IRAK1, and TAB2 were determined. B Rhein (20 pM) pro-
moted TRAF6 protein degradation in a time-dependent manner. C
The amount of TRAF6 mRNA was measured by RT-PCR. D H9C2

of the c-jun N-terminal kinase (JNK), p38, and extracellu-
lar regulated protein kinase (ERK) MAPKs in AGEs/CM-
induced H9C2 cells with or without rhein treatment (5, 10,
20 pM). In a concentration-dependent manner, rhein signifi-
cantly decreased the phosphorylation levels of JNK and p38
MAPKSs (P<0.01 or P<0.001), and yet did not affect ERK
MAPK phosphorylation expression (Fig. 5A).

We utilized pathway inhibitors to even further investi-
gate the impact of rhein on JNK/p38 MAPKSs pathway. The
results showed that when AGEs/CM-induced H9C2 cells
were subjected to 5 pM Bay 117082 (a NF-kB pathway

cells were treated with AGEs/CM with or without rhein for 1 h, and
TRAF6 expression was measured by Western blot analysis. E The
changes in TRAF6 mRNA were determined by RT-PCR. N.S. no
significance. *P <0.05 compared to the control group; ***P <0.001
compared to the AGEs/CM group

inhibitor) and 20 pM SP 600125 (a JNK MAPK pathway
inhibitor), the increased NO induced by AGEs/CM was sig-
nificantly inhibited (Fig. 5B). These findings suggested that
both of the two pathways were involved in the inflammation
response induced by AGEs/CM. However, we found that
NO production induced by AGEs/CM was not significantly
changed when exposed to rhein (20 pM) coexist Bay 117082
or SP 600125 (Fig. 5B). These results demonstrated that
the downregulation of NO production by rhein was blocked
when the NF-kB or INK MAPK pathway was inhibited. In
addition, on the condition that HOC2 cells were stimulated
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Fig.5 Rhein inhibited the activation of JNK MAPK and JNK MAPK
could crosstalk with the NF-xB pathway by targeting IkB in AGEs/
CM-induced H9C2 cells. A On a Western blot, the phosphorylation
and total expression of JNK, p38, and ERK were examined. B HOC2
cells were exposed to AGEs/CM with or without rhein (20 pM),
5 pM Bay 117082 (an NF-kB inhibitor), 20 pM SP 600125 (a JNK
inhibitor) or 5 pM SB 202190 (a p38 inhibitor) for 48 h, and NO
production was measured. C AGEs/CM have been used to induce
HOC?2 cells with or without 5 uM Bay 117082 and 20 pM SP 600125
for 4 h, phosphorylation and overall expression of NF-kB and JNK

with 5 pM SB 202190 (a p38 MAPK pathway inhibitor), the
NO production induced by AGEs/CM was not significantly
reduced, and rhein (20 pM) still showed the obvious anti-
inflammatory effect (P <0.001), which demonstrated rhein's
anti-inflammatory mechanism did not primarily involve
regulation of p38 MAPK pathway (Fig. 5B). Therefore, we
came to the conclusion that rhein's anti-inflammatory effects
were realized via the NF-kB and JNK MAPK pathways.
We then sought a link between the NF-kB pathway and
the INK MAPK pathway. Moreover, we have observed
that the expression of p-NF-xB was significantly inhibited
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MAPK were performed by western blot. D HOC2 cells were incu-
bated with AGEs/CM with or without 20 pM SP 600125 for for 1 h
(p-IKKp assay) or 4 h (p-IxB assay). E HOC2 cell lysates were incu-
bated with rhein (20 pM) or vehicle followed by the cellular thermal
shift assay (CETSA). Western Blot was used to detect the expression
of associated proteins. N.S. no significance. #P <0.01, #¥P <0.001
compared to the control group; *P<0.05, **P<0.01, ***P <0.001
compared to the AGEs/CM group; ¥¥¢P <0.001 with respect to the
SB 202190 treatment group

(P<0.001) when AGEs/CM-induced H9C2 cells were
then treated with an inhibitor of JNK MAPK, while p-JNK
expression was not affected by NF-kB inhibitor treatment
(Fig. 5C). These results showed that decreased activity of
JNK MAPK could inhibit NF-xB pathway activation in
AGEs/CM-induced HI9C2 cells. Therefore, we concluded
that INK MAPK might be an upstream signal for the NF-xB
pathway. To prove this hypothesis, we investigated the influ-
ence of JNK MAPK on the activation of IKKP and IxB
and found JNK MAPK inhibitor treatment could markedly
reduce p-IkB expression (P <0.01) without altering the
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Rhein
200 mg/kg

Fig.6 Representative M-mode echocardiography in each group after
continuous gavage for 12 weeks. A The representative echocardiog-
raphy in control group; B The representative echocardiography in
model group; C The representative echocardiography in low-dose

expression of p-IKKp (Fig. 5D). The results indicated JNK/
MAPK might exhibit crosstalk with the NF-xB pathway on
the level of IkB. What’s more, CETSA showed that rhein
(20 pM) could significantly protect IkB from temperature-
dependent denaturation, suggesting that rhein had a direct
interaction with IxB (Fig. SE).

Effect of rhein on cardiac function in rats having
DCM

Echocardiography is an essential tool for evaluating struc-
tural and functional alterations in the heart and has defi-
nite advantages in the early detection and diagnosis of dia-
betic cardiomyopathy. As illustrated in Fig. 6 and Table 1,
the LVIDd and LVIDs were significantly enlarged in the
model group compared to the control group (P <0.001).
Moreover, the ejection fraction (EF) and fractional short-
ening (FS) were also considerably reduced in the model
rats compared to the control rats (P <0.001), along with
the enlargement of the left ventricular internal diameter.
Theses indicated impaired left ventricular systolic function
and severe left ventricular dilatation among the model rats.
The above parameters (LVIDd, LVIDs, EF, FS) were dif-
ferentially enhanced after 12 weeks of rhein or engramine
gavage. What’s more, compared with the model group, rhein
(200 mg/kg) group and EMPA (30 mg/kg) group showed
significant differences (P <0.05 or P <0.01). Additionally,
no apparent differences were found between the LVPWd and
LVPWs of rats among the groups.

Rhein
100 mg/kg

rhein (100 mg/kg) group; D The representative echocardiography in
high-dose rhein (200 mg/kg) group; E The representative echocardi-
ography in EMPA (30 mg/kg) group

Effects of rhein on biochemical indicators
and myocardial histopathology among rats
with DCM

After 12 weeks of being gavaged, the plasma of the rats
was analyzed to determine the production of inflammatory
factors (TNF-a and IL-1pB). The results further indicated
that the production of TNF-a and IL-1f in the representa-
tive sample was higher than in the group that served as the
control, while rhein could dose-dependently decrease the
inflammatory factor levels. In particular, there was a sub-
stantial disparity between the model group and the high-
dose rhein group (200 mg/kg) (P <0.001). The positive drug
EMPA (30 mg/kg) failed to significantly reduce IL-1f lev-
els compared to the model group (Fig. 7A, B). The AGEs
content was further examined in the myocardium of rats in
each group, which illustrated that the model group had con-
tent that was over three times higher than that of the control
group (P <0.001). In contrast, the amount of AGEs that were
found in rats that were given a high dose of rhein (200 mg/
kg) was 1.66+0.75 pg/mg protein, comparable to that of
the control group, but with a notable difference (P <0.05).
Moreover, the impact of high-dose rhein (200 mg/kg) in
reducing AGEs was similar to that of EMPA (Fig. 7C).
In addition, we detected the content of iNOS and COX-2
protein in rat myocardial samples. The western blot results
(Fig. 7D) showed that compared with control group, iNOS
and COX-2 in the myocardium of model group increased
by 1.35 times and 1.62 times respectively, and the differ-
ences were significant (P <0.05). After high-dose rhein
(200 mg/kg) treatment, the expression of these two proteins
was significantly reduced (P < 0.05 or P <0.01). Compared
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Table 1 Effect of thein on left Control Model Rhein 100 mg/kg  Rhein 200 mg/kg  EMPA 30 mg/kg
ventricular parameters in rats
having DCM LVIDd (mm) 5.83+0.56 8.99+0.45%  798+1.04 7.25+1.13% 6.86+0.39%
LVIDs (mm) 2194025 5.88+0.37%  4.79+0.57" 3.18 +0.61%% 2.91+£0.57%#%
LVPWd (mm) 241+0.59 2.90+0.24 2.49+0.21 2.65+0.33 2.35+0.20
LVPWs (mm)  3.42+021 3.82+0.13 3.28+0.51 3.65+0.70 3.49+0.26
EF (%) 90.11+3.47  61.6+2.30" 68.65+2.72 81.724+8.73%%% 83 ,02+7.03%%*
FS (%) 62.25+5.36 34.66+1.69"* 39.88+2.30 52.68 +10.11%* 50.2 +5.06%*

Data are expressed as mean+S.D. (n=5)
*P<0.05, ¥**P <0.01, ***P <0.001 relative to model group.

###p <0.001 relative to control group

with positive drugs EMPA, the treatment of high-dose rhein
(200 mg/kg) was equivalent.

HE staining (Fig. 7E) showed that the myocardial tis-
sues of the control rats were uniformly stained. In addi-
tion, there was no significant inflammatory cell infiltration
between the myocardium and the myocardial fibers. The rats
in the DCM model had discombobulated and loose myo-
cardium, enlarged cardiomyocytes, and elevated fibroblasts
with infiltrating inflammatory cells. After 12 weeks of rhein
(100-200 mg/kg) intervention, myocardial cell swelling was
significantly reduced. Additionally, myocardial fiber break-
age has been improved and aligned in the same direction,
as well as inflammatory cell infiltration was lowered, par-
ticularly in the 200 mg/kg rhein group. The EMPA group
also significantly enhanced the myocardial histopathological
changes in the model rats. Staining with Masson (Fig. 7E)
demonstrated that the myocardial fibers in the control group
were properly arranged. Only a small number of evenly dis-
tributed blue collagen fibers were visible between the myo-
cardium. In way of comparison, in the myocardial tissue of
the model rats, a significant number of blue collagen fib-
ers were placed between the myocardium, where they were
unevenly distributed, disorganized, and wrapped around
the myocardial cells. This indicated that myocardial fibers
were proliferating in the model rats. After 12 weeks of rhein
administration, blue collagen fibril deposits inside the myo-
cardial tissue were markedly reduced, and the effect of rhein
treatment at 200 mg/kg was approximately similar to that
of 30 mg/kg of EMPA. These findings suggested that rhein
could successfully inhibit myocardial tissue pathology in
DCM-model rats, enhance the inflammatory environment of
myocardial tissue, keep improving myocardial extracellular
matrix remodeling, and reduce myocardial tissue fibrosis.
Additionally, TUNEL staining was used to observe the apop-
tosis of cardiomyocytes. According to the consequence, it
revealed that (Fig. 7E) in the myocardial tissues of the con-
trol group, there were no obvious TUNEL-positive cells, and
only a small number of green fluorescent spots. In contrast,
many TUNEL-positive cells (i.e., apoptotic cells) showing
green fluorescence were observed in the myocardium of rats

@ Springer

belonging to the model group. In comparison with the model
group, the green fluorescence in rhein-treated myocardial
tissues of rats progressively decreased. This indicated that
rhein could suppress cardiomyocyte apoptosis.

Rhein had similar effect on TRAF6-NF/kB and JNK
pathway in vivo

In vitro experiments had suggested that rhein could inhibit
the TRAF6-NF/kB and JNK signaling pathway, we also
detected this pathway in animal. Figure 8 showed that in
rats treated with rhein for 12 weeks, the level of TRAFG6,
p-NF-kB and p-JNK isolated from of hearts were down-
regulated, and there was a statistically signifcant diference
between the group that received the high dose of rhein and
the model (P <0.001). This indicated that rhein had similar
effect on TRAF6-NF/kB and JNK pathway in vivo.

Discussion

DCM is a heart-specific disease associated with primary
structural and functional damage to the heart due to distur-
bances in glucose metabolism. DCM is a common diabetes
complication that leads to heart failure and death. Multiple
factors complicate the pathogenesis of DCM. Numerous
studies have shown that the inflammatory immune response
is intimately associated with the pathological process of
DCM. Autoantibodies, macrophages, and inflammatory fac-
tors are involved in the myocardial injury process in patients
with T2DM. Moreover, chronic hyperglycemia and hyper-
lipidemia in T2DM patients could affect the aldose reduc-
tion pathway and the accumulation of AGEs. This triggers
the immune system and produces an inflammatory response
[20]. DCM patients suffer from a prolonged and persistent
state of chronic inflammation, polarizing the monocytes in
the cardiovascular periphery toward classically activated
macrophages (e.g., M1-type macrophages) to engulf necrotic
cardiomyocytes. M 1-type macrophages could secrete large
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Fig. 7 Effects of rhein on biochemical indexes and myocardial his-
topathology in DCM model rats. All the groups were gavaged for
12 weeks. Rhein groups were gavaged using 100 mg/kg and 200 mg/
kg rhein daily. The EMPA group was set of related with 30 mg/kg
EMPA per day, while the control and model groups were gavaged
with 1% sodium carboxymethylcellulose per day. A Effect of rhein
on plasma TNF-a levels in model rats; B Effect of rhein on plasma
IL-1p levels in model rats; C Effect of rhein on AGEs content in the

amounts of inflammatory factors around the myocardium,
including TNF-a and IL-1f [21]. In turn, inflammatory fac-
tors secreted by macrophages exacerbate cardiomyocyte
injury, leading to cardiomyocyte hypertrophy and apopto-
sis while boosting the development of myocardial intersti-
tial fibrosis and inflammation progression. Recent studies

Rhein (100 mg/kg)
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myocardium of the model rats; D Effect of rhein on iNOS and COX-2
expression in the myocardium of the model rats; E Effect of rhein
on the histopathology and apoptosis of the myocardium in model
rats. HE and Masson staining magnified at x40, scale bar 20 pm;
and TUNEL staining magnified at x10, scale bar 100 pm. n=>5.
###p <0.001 compared to the control group; *P <0.05 compared to
the model group

have revealed that AGEs can mediate chronic inflammation
through the TLR4-MD2-MYD88 pathway [7, 22, 23]. In our
study, we explored whether AGEs combined with inflam-
matory factors secreted by macrophages (macrophage con-
ditioned medium, CM) at the cellular level could cause car-
diomyocyte injury through chronic inflammation regulated
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Fig.8 Rhein had similar effect on TRAF6-NF/xB and JNK path-
way in vivo. All the groups were gavaged for 12 weeks. Rhein
groups were gavaged using 100 mg/kg and 200 mg/kg rhein daily.
The EMPA group was set of related with 30 mg/kg EMPA per day,
while the control and model groups were gavaged with 1% sodium
carboxymethylcellulose per day. A Representative western blots of
phosphorylated NF-kB (p65), TRAF®6 isolated from the rats hearts of

by NF-kB and MAPK pathways. Additionally, we studied
the protective effect of rhein on cardiomyocytes.

In our research, we discovered that rhein could inhibit
macrophage cell line (RAW?264.7 cells) activation by con-
centration-dependently downregulating TNF-«, PGE,, and
NO. We concluded that further study of rhein as an anti-
inflammation drug candidate was supported. To characterize
the possible mechanisms of rhein’s anti-inflammatory effect,
we examined the well-known inflammatory pathway TLR4-
TRAF6-NF-kB [24-26]. TRAF®6 has a vital role in signal
transduction not only for TNF receptor superfamily, but
rather the IL-1 receptor/TLR superfamily owing to its spe-
cial receptor-binding specificity [27]. Under conditions of
AGEs/CM stimulation, TRAF®6 is activated by signals from
upstream and recruited protein mediators to form kinase
complexes. These kinase complexes activate IKKf and facil-
itate the phosphorylation and ensuing degradation of IkB
to free NF-kB [28-30]. Subsequently, dissociated NF-xB
leaves the cytoplasm and goes into the nucleus and binds
promoter sites to activate gene expressions. In our study,
we found rhein significantly downregulated TRAF6 expres-
sion to suppress the phosphorylation of IKKp, followed by
inhibiting p-IxB and p-NF-«B activation. In addition, the
results showed that rhein decreased TRAF6 protein expres-
sion in a concentration-dependent manner, but had no effect

@ Springer

different groups. B Representative western blots of phosphorylated
JNK isolated from the rats hearts of different groups. C Rhein down-
regulated the protein expression of TRAF6, p-NF-kB and p-JNK in
the heart. Data were expressed as the mean+S.D.; n=35; #p <0.001
compared to the control group; ***P <0.001 compared to the model

group

on TRAF6 mRNA expression. So we hypothesized that rhein
might regulate TRAF6 expression through post-translational
modifications. Since the ubiquitin-proteasomal pathway and
autophagy-lysosomal pathway are the two highly effective
protein degradation pathways, and central to the regulation
of signaling proteins in many cellular processes [31], we
hypothesized that rhein may regulate TRAF6 degradation
through the ubiquitin—proteasome or autophagy-lysosomal
pathways. Which pathway is involved requires further study.
According to previous reports, TRAF6 could also activate
MAP kinase kinase 6 (MKK®6) through phosphorylation.
Phosphorylated MKK6 could activate the MAPKSs family
(JNK, p38, and ERK1/2), stimulate activation of activat-
ing transcription factor 1 (ATF-1), and regulate cell prolif-
eration, differentiation, transformation, and death [32-34].
In the latest examination, we discovered that rhein might
also inhibit the phosphorylation of JNK/p38 MAPKSs in
HOC2 cells induced by AGEs/CM, while not affecting ERK
MAPK, which was responsive to growth factor stimulation.
JNK/p38 MAPK plays crucial roles in the regulation of spe-
cific cell types' survival, proliferation, differentiation, and
migration. Such processes are essential for tissue homeo-
stasis and inflammatory response [35-39]. According to our
research, the anti-inflammatory effect of rhein is mediated
by INK MAPK pathways. Recent research demonstrates that
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Fig.9 Mechanism Diagram. Rhein alleviated HIC2 cells inflamma-
tion injury stimulated by AGEs/macrophage conditioned medium.
The protective mechanism of rhein may involve the negative regu-

the JNK pathway regulates cytochrome C release as part of
the mitochondrial death signaling pathway [40]. Biochemi-
cal characterization and genetic studies revealed that imbal-
ances of INK MAPK activity were implicated in immune
disorders and cardiovascular diseases [41]. Therefore, INK
MAPK may be the critical target of rhein in inflammatory-
mediated diabetic cardiomyopathy disease.

Meanwhile, we found NF-xB and JNK MAPK pathways
were both affected by rhein in AGEs/CM-induced H9C2
cells, which suggested a connection between the two path-
ways. Recent research suggests that inhibiting JNK activa-
tion reduces the degradation of IkB-a, and yet had no influ-
ence on IKK phosphorylation in TNF-a induced HepG2
cells [42]. In our study, we found downregulation of JNK
MAPK activity could inhibit phosphorylation levels of
NF-kB and IkB without affecting IKKf changes. We veri-
fied this phenomenon using pathway inhibitors, investigat-
ing phosphorylated protein levels. Our results supported the
conclusion of the previous study. In a word, we found rhein
could attenuate AGEs/CM-induced myocardial inflamma-
tion through inhibition of the JNK MAPK as wellas NF-xkB
pathways, and their crosstalk.

lation of TRAF6/NF-kB, INK MAPK pathways and the crosstalk
between the two pathways

The combination of a high sugar/fat diet and low-dose STZ
intraperitoneal injection is ideal for constructing a T2DM
rat model. The previous study reported that STZ-induced
changes in cardiomyocyte ultrastructure among diabetic rats
at 8—12 weeks after the first STZ injection, and changes in
cardiac function at 6-14 weeks [43]. In this research, rats were
fed a high-sugar and high-fat diet for six weeks, followed by
an intraperitoneal injection of 30 mg/kg STZ at a low dos-
age. Twelve weeks of a high-sugar and fat diet were admin-
istered to the T2DM rats. After 12 weeks of treatment, the
results showed that the LVIDd and LVIDs were significantly
enlarged in the DCM model group, the EF and FS were dra-
matically reduced, and myocardial tissue was more fibrotic
and infiltrated with inflammatory cells.The reproducibility of
this method in preparing a rat model of diabetic cardiomyo-
pathy was confirmed by our results, consistent with previous
study. However, the LVPWd and LVPWs in the DCM model
group had no significant differences compared to the control
group. It could be associated with the short modeling time of
our experiment and the small number of rats counted within
each group. What’s more, both 200 mg/kg rhein and 30 mg/kg
EMPA could significantly ameliorate the EF and pathological
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ventricular dilatation, improve pathological changes in myo-
cardial tissue, depresse inflammatory infiltration, inhibit myo-
cardial cell apoptosis, and reduce the content of AGEs within
myocardial tissues of DCM model rats. And we found that
rhein had similar effect on TRAF6-NF/kB and JNK pathway
in vivo. This suggested that rhein could exert cardioprotective
effects through anti-inflammation, which is consistent with
our results in vitro described above. In the next step, we will
further conduct in-depth studies in vivo to decipher the rela-
tionship between TLR4-TRAF6-NF-kB/MAPKSs pathway and
the multiple pathological alterations in DCM and the interven-
tional role of rhein.

Conclusion

In summary, the results of our study provided evidence that
rhein exhibited excellent anti-inflammatory effects in AGEs/
CM-induced H9C2 cells and marked cardioprotective effects
in DCM rats, including improving the pathological changes
of cardiac structure and function, and inhibiting inflammatory
cell infiltration. In addition, we provided evidence that JNK
MAPK exhibited crosstalk with the NF-kB pathway in AGEs/
CM-induced H9C2 cells by targeting IxkB. The mechanism
of rhein anti-inflammation effect might involve the negative
regulation of the TRAF6/NF-kB and JINK MAPK pathways,
and crosstalk between the two pathways (Fig. 9).
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