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Isoproterenol induces MD2 activation by β-AR-cAMP-PKA-
ROS signalling axis in cardiomyocytes and macrophages drives
inflammatory heart failure
Jin-fu Qian1,2, Shi-qi Liang1,2, Qin-yan Wang2, Jia-chen Xu1,2, Wu Luo2,3, Wei-jian Huang1, Gao-jun Wu1✉ and Guang Liang1,2✉

Cardiac inflammation contributes to heart failure (HF) induced by isoproterenol (ISO) through activating β-adrenergic receptors (β-
AR). Recent evidence shows that myeloid differentiation factor 2 (MD2), a key protein in endotoxin-induced inflammation, mediates
inflammatory heart diseases. In this study, we investigated the role of MD2 in ISO-β-AR-induced heart injuries and HF. Mice were
infused with ISO (30mg·kg−1·d−1) via osmotic mini-pumps for 2 weeks. We showed that MD2 in cardiomyocytes and cardiac
macrophages was significantly increased and activated in the heart tissues of ISO-challenged mice. Either MD2 knockout or
administration of MD2 inhibitor L6H21 (10 mg/kg every 2 days, i.g.) could prevent mouse hearts from ISO-induced inflammation,
remodelling and dysfunction. Bone marrow transplantation study revealed that both cardiomyocyte MD2 and bone marrow-
derived macrophage MD2 contributed to ISO-induced cardiac inflammation and injuries. In ISO-treated H9c2 cardiomyocyte-like
cells, neonatal rat primary cardiomyocytes and primary mouse peritoneal macrophages, MD2 knockout or pre-treatment with
L6H21 (10 μM) alleviated ISO-induced inflammatory responses, and the conditioned medium from ISO-challenged macrophages
promoted the hypertrophy and fibrosis in cardiomyocytes and fibroblasts. We demonstrated that ISO induced MD2 activation in
cardiomyocytes via β1-AR-cAMP-PKA-ROS signalling axis, and induced inflammatory responses in macrophages via β2-AR-cAMP-
PKA-ROS axis. This study identifies MD2 as a key inflammatory mediator and a promising therapeutic target for ISO-induced heart
failure.
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INTRODUCTION
Heart failure (HF) is the ultimate outcome of most cardiovascular
disorders with high prevalence and poor prognosis [1]. Generally,
the HF patients show a hyper-active sympathetic nervous system
(SNS) with elevated plasma catecholamine levels that correlate
with disease severity [2]. The SNS hyperactivity is initially a
compensatory mechanism to stimulate contractility and maintain
cardiac output. Unfortunately, this chronic stimulation becomes
detrimental and causes decreased cardiac function, reduced
inotropic reserve, and increased cardiac hypertrophy, fibrosis,
and arrhythmias [3]. In addition to these pathological processes,
increasing evidences have indicated the importance of SNS-
induced inflammatory responses in mediating HF. The chronic β-
adrenergic receptor (β-AR) stimulation in myocardium using β-AR
agonist, isoproterenol (ISO), is sufficient to induce expression of
several myocardial proinflammatory cytokines, including
interleukin-6 (IL-6) and tumour necrosis factor-α (TNF-α), which
contribute to myocardial damage and long-term pathological
remodelling [4, 5]. It has also been reported that treatment with β-
AR blockers was negatively correlated with circulating levels of
inflammatory cytokines in patients with chronic HF [6, 7]. There

are several subtypes of β-ARs including β1-AR, β2-AR, and β3-AR.
β1-AR and β2-AR are vital in the regulation of excitation-
contraction coupling of a myocardium. The β1-AR comprises
75%–80% of β-ARs found in the heart, and β2-AR comprises
20%–25% of cardiac β-ARs [8]. It has been reported that β1-AR
highly expressed in cardiomyocytes and β2-AR highly expressed in
macrophages mediate ISO-induced inflammatory activation in HF
[9]. Blocking the over-activation of inflammatory responses is
proposed as a promising strategy to protect against ISO-induced
cardiac remodelling [10]. However, the detailed mechanisms by
which β-AR activation induces cardiac inflammation remains
elusive. Illustrating the pro-inflammatory mechanism of ISO-β-AR
signalling in hearts may provide new therapeutic strategy and
target for the treatment of HF.
Myeloid differentiation factor 2 (MD2) is a key protein, which

mediates lipopolysaccharide (LPS)-induced innate immune and
inflammatory response [11]. Upon LPS challenge, MD2 is required
for the activation of toll-like receptor 4 (TLR4) in the form of
dimerization complex, which further recruits myeloid differentia-
tion primary response-88 (MyD88) and then activates TGFβ-
activated kinase-1 (TAK1) and nuclear factor-kappa B (NF-κB) to
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upregulate the expression of inflammatory cytokine genes [12].
Recent studies have reported that MD2-TLR4 signalling also
regulates chronic and sterile inflammation in the pathogenesis of
some non-infectious disorders, including heart diseases [13, 14]. In
patients with dilated cardiomyopathy, a positive correlation was
found between the serum MD2 level and mortality rate [15]. Our
previous studies showed that MD2 mediates angiotensin II-,
palmitic acid-, and high-concentration glucose-induced cardiac
inflammation and remodelling via activating TLR4-Myd88-TAK1-
IKKβ-NF-κB signalling cascade to up-regulate the gene expression
of pro-inflammatory cytokines in both cardiomyocytes and
macrophages [13, 16, 17]. However, it remains unknown whether
MD2 is involved in ISO-β-AR-related cardiac inflammation and HF.
In this study, we found that cardiomyocyte MD2 and bone

marrow-derived cell MD2 were significantly up-regulated in ISO-
challenged mouse hearts. MD2 deficiency improved ISO-induced
cardiac inflammation, hypertrophy and dysfunction. We also
presented a mechanism by which ISO triggers inflammatory
genesis and injuries in both cardiomyocytes and macrophages,
which underscores the importance of MD2 as a new and
potential therapeutic target for HF caused by adrenergic
stimulation.

METHODS AND MATERIALS
General reagents
A list of reagents used in this study is provided in Supplementary
Table S1. Compound L6H21, a selective MD2 inhibitor, was
synthesized, validated, and prepared with a purity of 98.9% as
described by our report [18].

Animal experiments
All animal care and experimental procedures were approved by
the Wenzhou Medical University Animal Policy and Welfare
Committee (Approval Document No. wydw2021-1016). All
animals received humane care according to the NIH guidelines
(Guide for the care and use of laboratory animals). Male C57BL/6
(wild-type, WT) mice were obtained from the Animal Centre of
Wenzhou Medical University. Male MD2 knockout (MD2KO) mice
(B6.129P2-Ly96 KO) with C57BL/6 background were provided by
Riken BioResource Centre of Japan (Tsukuba, Ibaraki, Japan).
MD2KO mice and WT mice were maintained in a SPF
environment with 12 h of light and adequate access to food
and water. The animals were acclimatized to the laboratory for
at least 2 weeks before initiating the studies. ISO was dissolved
in 0.002% ascorbic acid and administered using osmotic mini-
pumps that delivered 30 mg·kg−1·d−1 ISO (Alzet MODEL 1002,
CA; USA) for 2 weeks, as described previously [19]. All animal
experiments were performed and analyzed by blinded experi-
menters. Randomization were used when dividing the groups.
At the end of the study, the mice were sacrificed to collect
serum and heart tissue samples. We used 2 mouse models of
ISO-induced cardiac dysfunction.
Model 1: Eight-week-old C57BL/6 mice and MD2KO mice were

randomly divided into 6 groups: (1) untreated C57BL/6 mice (WT;
n= 7); (2) ISO-infused C57BL/6 mice (ISO; n= 7); (3) untreated
MD2KO mice (MD2-/-; n= 7); (4) ISO-infused MD2KO mice
(MD2-/-+ ISO; n= 7); (5) L6H21 reconstituted in 1% CMC-Na
solution was administered by oral gavage at 10 mg/kg every
2 days. ISO-infused C57BL/6 mice with L6H21 treatment (L6H21+
ISO; n= 7); and (6) propranolol reconstituted in sterile water was
administered by oral gavage at 40 mg/kg every day. ISO-infused
C57BL/6 mice with propranolol treatment (Prop+ISO; n= 7).
Model 2: One week before transplantation, five-week-old

C57BL/6 mice and MD2KO mice were put in a clean environment
and given acidified water containing neomycin (1.1 mg/L) and
polymyxin B sulphate (1000 U/L). Twelve hours prior to transplan-
tation, mice were subjected to total body irradiation (800 cGy X-

rays). For transplantation, C57BL/6 mice or MD2KO mice were
injected intravenously with 5 × 106 bone marrow cells from pools
of bone marrow from six-week-old C57BL/6 mice or MD2KO mice,
as described previously [20]. Three weeks later, the chimeric mice
were infused with 30 mg·kg−1·d−1 ISO for 2 weeks to induce
cardiac remodelling. At the end of the study, the isolated primary
peritoneal macrophages (MPMs) and heart tissues were harvested
and RT-qPCR was performed to confirm the desired combinations
in our studies.

Echocardiography
Mice underwent transthoracic echocardiography examination
using a Vevo 3100 (Fujifilm VisualSonics) ultrasound system using
a 30-MHz linear array ultrasound transducer. Heart rate (HR) of
anesthetized mice was maintained at 400–500 beats per minute
(bpm). After anesthetized with oxygen and 1%–2% isoflurane,
the mice underwent ultrasound analysis for cardiac function.
All derived measures by echocardiography were obtained
by averaging the readings of three consecutive and complete
cardiac cycles.

Histological analysis
The heart tissue was fixed with 4% formaldehyde, followed by
dehydrated, transparent, and embedded with paraffin. Finally,
the heart tissue was cut into 5 μm thick samples for subsequent
experiments. Afterwards, the slices were stained with hematox-
ylin and eosin (H&E) for histopathological assessment. Sections
were also stained with Masson’s Trichrome and Sirius Red to
evaluate the cardiac fibrosis content. The stained images were
observed by a light microscope (Nikon, Japan). The frozen heart
tissues were cut into 5-μm thickness. After permeabilized and
blocked, the slices were stained with WGA-FITC stain to evaluate
the hypertrophy degree of myocardium. The stained images
were observed by an epifluorescence Nikon microscope (Nikon,
Japan).

Enzyme-linked immunosorbent assay
IL-6 and TNF-α levels of conditioned medium and serum were
measured by ELISA kits. Total amount of proteins was calculated
using the standard curve method. The ANP level in the serum was
determined by an ELISA method. All experiments followed the
instructions.

Cell isolation and culture
Embryonic rat heart-derived H9c2 cells were obtained from the
Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco/BRL life Technologies, Eggenstein, Ger-
many) containing 4.5 g/L glucose. Media was supplemented with
10% foetal bovine serum (FBS; Thermo Fisher Scientific, Massa-
chusetts, USA), 100 U/mL penicillin, and 100mg/mL streptomycin
at 37 °C in a humidified 5% CO2 incubator.
Isolation and culture of neonatal rat cardiomyocytes was

performed as described previously [21]. Briefly, heart tissues
from 0 to 2 days neonatal Sprague-Dawley (SD) rats were
harvested and dissociated with trypsin. The primary cardiomyo-
cytes were removed from fibroblasts by applying the method of
differential adherent culture. Cell suspension was plated for 1 h
on culture dishes in DMEM supplemented with 10% FBS. This
pre-plating cells were basically fibroblasts. Non-adherent cells
were then collected, counted and plated on culture plates. The
adherent cells (fibroblasts) were cultured, passaged 2–3 times
and then collected, counted and plated on culture plates.
Primary cardiomyocytes and fibroblasts were cultured in the
same growth medium as H9c2 cells.
The MPMs were isolated according to the experimental method

described in a previously published study [14]. Briefly, mice
received a single intraperitoneal injection of 6% thioglycollate
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solution (0.6 g beef extract, 2 g tryptone, 1 g sodium chloride
dissolved in 200 mL ddH2O, then filtrated through 0.22-μm filter
membrane). Two days later, mice were euthanized, and peritoneal
cavity was flushed with RPMI-1640 medium (Gibco/BRL life
Technologies, Eggenstein, Germany). Samples were collected,
counted and plated in RPMI-1640 medium containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Nonadherent cells were removed 1 h after seeding the cell
suspension.

Real-time quantitative PCR
Total RNA from heart tissue and cells was isolated and purified
using Trizol reagent and reverse-transcribed to cDNA using
PrimeScript™ RT reagent kit (cat# RR037A, Takara, Japan).
Quantitative polymerase chain reaction (PCR) was carried out
using SYBR Green reagent kit (cat# 1708882AP, Bio-Rad, CA, USA)
on a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher
Scientific, MA, USA). The primers of target genes are listed in the
Supplementary Table S2 and were obtained from Invitrogen
(Shanghai, China).

Western blotting and co-immunoprecipitation
Lysates from mouse myocardial tissue and cultured cells were
extracted with RIPA buffer (cat# P0013C, Beyotime Biotechnology,
Shanghai, China) and protein concentrations were determined by
the Bradford assay (cat# 5000205, Bio-Rad, CA, USA). Samples were
separated using sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), and electro-transferred to PVDF
membranes. Membranes were then blocked for 1 h at room
temperature in 5% non-fat dry milk. Primary antibody incubations
were carried out at 4 °C overnight. Then the membranes were
incubated with the appropriate HRP-conjugated secondary anti-
body for 1 h at room temperature. The immune complexes were
visualized using enhanced chemiluminescence reagents (cat#
1705062, Bio-Rad, CA, USA). The band densities were quantified
using ImageJ analysis software.
Protein complexes were evaluated by co-immunoprecipitation

(IP), coupled with immunoblotting (IB). Cell lysates were
incubated with precipitating antibody at 4 °C overnight. Samples
were immunoprecipitated with protein A+ G-Sepharose beads
with shaking at room temperature for 2 h. Protein-bead
complexes were washed three times with PBS, electrophoresed,
and transferred to PVDF membranes and detected with IB
antibody. The immune complexes were visualized using
enhanced chemiluminescence reagents (cat# 1705062, Bio-Rad,
CA, USA). The band densities were quantified using ImageJ
analysis software.

Immunofluorescence staining
The cardiac tissues were collected and embedded in optimum
cutting temperature compound. Serial 5 mm-thick cryosections of
heart from each mouse were obtained. Frozen sections were used
for α-actinin, F4/80, Vimentin, and MD2 staining. H9c2 cells and
MPMs cultured on gelatin-coated glass slides were also stained.
Cells were used for NF-κB P65 staining. Frozen sections and cells
were fixed in cold methanol and permeabilized using 0.25%
Triton-X. Sections and cells were then blocked with 5% fetal
bovine serum for 1 h, incubated with the primary antibody for
overnight at 4 °C. After washing, the sections and cells were
incubated with fluorescent-labelled secondary antibodies for 1 h,
and counterstained with nuclear dye 4′,6-diamidino-2-phenylin-
dole (DAPI) for 10 min. The stained sections were observed and
photographed under a fluorescence microscope (Nikon, Japan).

Cell transfections for gene knockdown
MD2 were silenced in H9c2 cells and primary neonatal rat
cardiomyocytes by siRNA transfections. The siRNA sequences were
purchased from Gene Pharma Co. Ltd. (Shanghai, China) and

shown in Supplementary Table S3. Negative control transfections
included scrambled siRNA sequences. The transfections were
carried out using Lipofectamine 2000. Knockdown of genes in the
transfected cells was confirmed by Western blot analysis.

TRITC Phalloidin staining
H9c2 cells and primary cardiomyocytes were seeded in glass-
bottom dishes, cleaned twice with sterile PBS, and then fixed with
4% formaldehyde solution at room temperature for 10 min. After
the excess formaldehyde with PBS was removed, the cells were
permeated with 0.5% Triton X-100 solution for 10 min. Then,
cardiomyocytes were incubated with TRITC-labelled Phalloidin
working solution at room temperature in the dark for 30 min.
Finally, the nuclei were stained with DAPI solution, followed
by fluorescence observation under a fluorescence microscope
(Nikon, Japan).

Surface plasmon resonance (SPR) analysis
The potential binding of ISO to MD2 was determined using
Biacore T200 Protein Interaction Assay system (GE Healthcare,
MA, USA) with a CM7 sensor chip. Recombinant human MD2
protein (rhMD2) was dissolved in acetate acid buffer. Amine
coupling kit (cat# BR100050, GE Healthcare, MA, USA) was used to
immobilize rhDM2 on the chip. Different concentrations of ISO,
including 500, 250, 125, 62.5, 31.25, 15.625, 7.8125, 3.90625, 1.95,
0.975, 0.4875, 0 μM were prepared with running buffer (PBS).
Sensor and sample plates were placed in the instrument. The
interactions were determined at a flow rate of 30 μL/min for 180 s
during the association phase, followed by 250 s for the
dissociation phase at 25 °C. The data were analyzed with Biacore
T200 manager software. Binding kinetic parameters were
calculated by global fitting of the kinetic data from various
concentrations of MD2 using a 1:1 Langmuir binding model.

Measurement of ROS levels
ROS production in cardiomyocytes and macrophages was
determined by Dihydroethidium (DHE) staining. Primary cardio-
myocytes and macrophages were incubated with DHE (5 μM) for
30min at 37 °C under 5% CO2 in air, followed by fluorescence
observation under a fluorescence microscope (Nikon, Japan) with
a 100ms exposure time. DHE fluorescence was quantified using
ImageJ analysis software. The level of ROS is expressed as the
mean fluorescence intensity (MFI).

Statistical analysis
All experiments were randomized and blinded. Data presented
in this study are representative of at least 3 independent
experiments and are expressed as mean ± SEM. The exact group
size (n) for each experiment is provided and ‘n’ refers to
independent values, not technical replicates. Statistical analysis
was performed with GraphPad Prism 8.0 software (San Diego,
CA, USA). Comparisons between two groups were analyzed by
Student’s t test. We used one-way ANOVA followed by Tukey
post-hoc test when comparing more than two groups. P ˂ 0.05
was considered statistically significant. Post-tests were run only
if F achieved P < 0.05 and there was no significant variance in
homogeneity.

RESULTS
MD2 was elevated in cardiomyocytes and cardiac macrophages of
ISO-challenged mice
We determined whether MD2 is associated with ISO-induced
cardiac injury in mice. We found that ISO challenge markedly
enhanced both Md2mRNA and MD2 protein levels in mouse hearts
(Fig. 1a, b). In addition, ISO treatment increased the mRNA and
protein levels of MD2 expression in a time-dependent manner
from 3rd day to 14th day after ISO treatment (Supplementary Fig. S1).

ISO induces MD2 activation by β-AR-cAMP-PKA-ROS signalling
JF Qian et al.

533

Acta Pharmacologica Sinica (2024) 45:531 – 544



A further analysis of cardiac tissues revealed a significant increase in
the combination of MD2 and TLR4 following the onset of ISO-
induced cardiac injury, indicating the activation of MD2 (Fig. 1c). To
investigate the cellular source of increased MD2 in ISO-induced
models, we examined the MD2 expression in cultured neonatal rat
primary cardiomyocytes (NRCMs), neonatal rat primary fibroblasts
(NRCFs), and mouse MPMs. Western blot assay showed that MD2
wasmainly expressed in cardiomyocytes andmacrophages (Fig. 1d).
Besides, immunostaining showed that elevated colocalized MD2
immunoreactivity with α-actinin (a marker of cardiomyocytes) and
F4/80 (a marker of macrophages) was identified under ISO

perfusion, while low MD2 location was observed in fibroblasts
(Fig. 1e–g). These results indicated that cardiomyocytes and
macrophages MD2may play an essential role in cardiac remodelling
induced by ISO.

MD2 deficiency prevented ISO-induced ventricular remodelling
MD2KO mice and WT mice were utilized to study the role of MD2 in
ISO-induced cardiac injury. A small-molecule inhibitor of MD2,
L6H21, was also used to examine the effects of MD2 pharmacolo-
gical inhibition [18]. In addition, a β-AR antagonist, propranolol,
was used as a positive comparison. Echocardiography results

Fig. 1 MD2 was elevated in cardiomyocytes and cardiac macrophages of ISO-induced mice. C57BL/6 mice were administered 30mg·kg−1·d−1

ISO or an equal volume of 0.002% ascorbic acid for two weeks. a ThemRNA levels ofMd2 in heart tissues based on real-time qPCR. ActbmRNAwas
used as a loading control. b Representative blots showing the levels of MD2 in heart tissue. GAPDH was used as a loading control.
c Representative immunoblots showed the co-IP of MD2 and TLR4 in heart tissue. Endogenous MD2 was immunoprecipitated by anti-MD2
antibody. IgG, immunoglobulin G. d Representative Western blot analysis for MD2 protein levels in NRCMs, NRCFs and MPMs. GAPDHwas used as
a loading control. Representative immunofluorescence staining of mouse heart tissues for MD2 (red) and α-actinin (green, e), Vimentin (green, f),
or F4/80 (green, g), respectively. Sections were counterstained with DAPI (blue). Arrows indicate MD2-positive cells (scale bar= 50 μm).
Quantifications are shown respectively. Mean ± SEM; for (a–c), n= 6; for d, n= 3; for (e–g), n= 5; *P < 0.05, **P < 0.01, ns not significant.
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showed that MD2 deficiency inhibited severe deterioration of
cardiac function under ISO stimulation (Table 1). The ratios of
heart weight/body weight (HW/BW) and heart weight/tibia length
(HW/TL) did decrease significantly in MD2-/- mice and L6H21-
treated WT mice compared with ISO-stimulated WT mice (Table 1).
Analysis of the harvested heart tissues showed the degree of the
structural and hypertrophic changes were lower after MD2
deficiency or pharmacological inhibition (Fig. 2a, b). Sirius Red
and Masson’s Trichrome staining also showed suppressive activity
of MD2 deficiency on fibrotic responses (Fig. 2c–f). WGA staining
indicated MD2 blockage attenuated ISO-induced cardiac hyper-
trophy (Fig. 2g, h). Consistent with the echocardiography and
pathological examinations, the serum atrial natriuretic peptide
(ANP) level and the mRNA and protein expression of hypertrophy-
associated factors (beta-Myosin heavy chain (β-MyHC) and ANP)
and fibrosis-associated factors (Collagen type I (COL-1) and
transforming growth factor-beta1 (TGF-β1)) in heart tissue were
significantly reduced by MD2 knockout in ISO-challenged mice
(Fig. 2i–k and Supplementary Fig. S2a). Meanwhile, the inflamma-
tory responses in ISO-related cardiac remodelling were found to
be inhibited by MD2 deficiency. The ISO-increased levels of serum
IL-6 and TNF-α and the expression levels of Il6 and Tnf genes were
suppressed by MD2 blockade (Fig. 2l, m). Determination of NF-κB
p65 phosphorylation and IκB degradation in heart tissues
confirmed that MD2 deletion normalized ISO-induced NF-κB
activation (Fig. 2n and Supplementary Fig. S2b). Like MD2 gene
knockout, both MD2 inhibitor L6H21 and β-AR antagonist
propranolol reversed ISO-induced cardiac inflammation, remodel-
ling, and dysfunction in mice (Fig. 2 and Supplementary Fig. S2).

Both cardiomyocyte MD2 and bone marrow-derived macrophage
MD2 contributed to ISO-induced cardiac remodelling
To determine the contribution of cardiomyocyte MD2 and
macrophage MD2 to the mediation of ISO-induced cardiac
injuries, we irradiated WT mice and MD2KO mice to deplete their
marrows and then reconstituted them with either WT or MD2KO
marrow-derived cells, respectively. We confirmed the high
efficiency of bone marrow depletion and reconstitution through
examining the levels of Md2 in heart tissues and MPMs from four
groups (Supplementary Fig. S3). Thereafter, the chimeric mice
were subjected to ISO challenge for two weeks to induce cardiac
dysfunction (Fig. 3a). Cardiac functional tests revealed improved EF
%, FS%, LVPWd and left ventricular posterior wall end-systolic
dimension (LVPWs) in WT→ KO, KO→WT and KO→ KO groups
(Table 2). Further, cardiac histological analysis, including hematox-
ylin and eosin (H&E) staining, Masson trichrome staining, and Sirius
Red staining, indicated myocardial disorganization and excessive
fibrosis in the WT→WT group, but not in the WT→ KO, KO→WT
and KO→ KO groups (Fig. 3b–g). Based on the values of LV mass,

HW/BW, HW/TL, the WGA staining and the level of serum ANP, both
cardiomyocyte and bone marrow-derived macrophage MD2
mediated cardiac hypertrophy induced by ISO (Table 2, Fig. 3h–j).
Such findings were confirmed by the protein and mRNA levels of
hypertrophy-associated factors (β-MyHC and ANP) and fibrosis-
associated factors (COL-1 and TGF-β1) (Fig. 3k, l and Supplementary
Fig. S4a). Finally, cardiac inflammation was evaluated in mice. The
levels of serum inflammatory IL-6 and TNF-α, the expression of Il6
and Tnf, and the activation of NF-κB were decreased in both
WT→ KO, KO→WT, and KO→ KO mice (Fig. 3m–o and Supple-
mentary Fig. S4b). Such findings indicate that both cardiomyocyte
and bone marrow-derived cell MD2 predominantly mediated ISO-
induced cardiac inflammation and remodelling.

MD2 silencing alleviated ISO-induced cardiomyocyte
inflammatory response and remodelling in vitro
We determined whether MD2 mediated ISO-induced inflammatory
response and injuries in cultured H9c2 cardiomyocyte-like cell line
and primary neonatal rat cardiomyocytes. MD2 expression was
knocked down by transfection of siRNA targeting MD2 (siMD2)
(Fig. 4a). We showed that MD2 silencing reversed the NF-κB p65
phosphorylation, IκBα degradation, p65 nuclear translocation, and
the inflammatory gene Il6 and Tnf expression in ISO-challenged
cardiomyocytes (Fig. 4b–d, Supplementary Fig. S5a). Pre-treatment of
H9C2 cells with pharmacological MD2 inhibitor L6H21 mimics MD2
knockdown in preventing ISO-induced inflammatory responses
(Fig. 4e, Supplementary Fig. S5b). We further confirmed these
findings in isolated NRCMs (Fig. 4f, Supplementary Fig. S5c, d).
Subsequently, the ISO-increased protein levels of β-MyHC, ANP, COL-
I, and TGF-β1 were also significantly reduced when MD2 was
knocked down in H9c2 cells (Fig. 4g, Supplementary Fig. S6a).
Rhodamine phalloidin staining revealed MD2 silencing decreased
hypertrophy of cardiomyocytes under ISO stimulation (Fig. 4h). Either
pharmacological inhibition of MD2 in H9c2 cells or silencing MD2 in
neonatal rat cardiomyocytes also prevented cellular hypertrophy and
fibrotic protein induction (Fig. 4i, j, Supplementary Fig. S6b, c).
Together, these data indicated that MD2 mediated ISO-induced
inflammatory responses and subsequent injuries in cardiomyocytes.

Blockade of MD2 regulated ISO-induced inflammatory response in
macrophages
We isolated MPMs from WT and MD2KO mice and exposed these
cells to ISO. ISO significantly activated NF-κB in MPMs isolated from
WT mice but not from MD2KO mice (Fig. 5a, b, Supplementary
Fig. S7a). MD2 knockdown decreased cytokine IL6 and TNF-α
production and mRNA expression in MPMs induced by ISO
stimulation (Fig. 5c, d). Treatment with L6H21 also suppressed ISO-
induced NF-κB activation MPMs (Fig. 5e, Supplementary Fig. S7b).
These data indicated that MD2 mediated ISO-induced inflammatory

Table 1. Echocardiographic parameters of the experimental mice (Model 1).

Model (1) WT (n= 7) ISO (n= 7) MD2-/- (n= 7) MD2-/-+ ISO (n= 7) L6H21+ ISO (n= 7) Prop+ISO (n= 7)

HW/BW (mg/g) 5.93 ± 0.05 7.93 ± 0.17** 6.50 ± 0.08 6.90 ± 0.19## 6.97 ± 0.25## 6.73 ± 0.10##

HW/TL (mg/mm) 7.80 ± 0.16 10.77 ± 0.31** 8.01 ± 0.38 9.17 ± 0.28## 9.01 ± 0.32## 8.36 ± 0.18##

EF % 74.71 ± 4.91 50.38 ± 1.84** 71.51 ± 3.45 71.91 ± 3.79## 72.12 ± 4.15## 71.40 ± 2.45##

FS % 44.76 ± 5.15 25.01 ± 1.08* 40.85 ± 2.87 41.47 ± 3.37# 41.62 ± 3.92# 43.71 ± 4.04##

LV mass (mg) 100.80 ± 6.34 138.2 ± 4.07** 102.6 ± 5.30 104.4 ± 5.98## 115.4 ± 5.74# 102.3 ± 2.97##

LVAWs (mm) 1.18 ± 0.03 1.47 ± 0.04** 1.21 ± 0.05 1.26 ± 0.05# 1.26 ± 0.04# 1.20 ± 0.04##

LVAWd (mm) 0.80 ± 0.04 0.98 ± 0.03* 0.78 ± 0.05 0.83 ± 0.04ns 0.82 ± 0.04ns 0.82 ± 0.03ns

Transthoracic echocardiography was performed on mice at the ending of the animal study. Data presented as mean ± SEM, n= 7. *P < 0.05, **P < 0.01
compared to WT. #P < 0.05, ##P < 0.01 compared to ISO. ns no significance.
HW heart weight, BW body weight, TL tibial length, EF ejection fraction, FS fractional shortening, LVAWs left ventricular anterior wall end-systolic dimension,
LVAWd left ventricular anterior wall end-diastolic dimension.
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response in macrophages. The inflammatory environment induced
bymacrophages promoted the development of cardiac hypertrophy
and fibrosis. We next determined whether MD2-mediated macro-
phage cytokines affect cardiomyocytes and fibroblasts. To do this,
we exposed MPMs from WT and MD2KO mice to ISO, and then
collected the condition media (CM) of macrophages to treat
cardiomyocytes and fibroblasts (Fig. 5f). As shown in our results,
CM from ISO-challenged macrophages induced hypertrophy and
fibrotic injury in cardiomyocytes and fibroblasts, while CM from ISO-
challenged MD2KO macrophages failed to induce these changes
(Fig. 5g–i and Supplementary Fig. S8). These data suggested that
macrophage MD2 increased ISO-induced inflammatory mediators
and subsequent intercellular cross-talk, resulting in injurious
remodelling in cardiomyocytes and fibroblasts.

ISO activated MD2 via β1-AR-cAMP-PKA-ROS signalling axis in
cardiomyocytes
We then explored how ISO activates MD2 in cardiomyocytes. Co-
immunoprecipitation (Co-IP) assay results showed that ISO
challenge significantly promoted MD2-TLR4 interaction in a short
time in H9c2 cells (Fig. 6a). Similar result was observed in cultured
primary cardiomyocytes (Supplementary Fig. S9). As expected, ISO
stimulation induced the formation of the TLR4-MyD88 complex in
cardiomyocytes (Supplementary Fig. S10). However, our SPR
analysis showed no direct interaction between rhMD2 protein
and ISO (Supplementary Fig. S11), indicating ISO activates MD2
possibly via its receptor β-AR. Indeed, pre-treatment of H9c2 cells
with propranolol (a non-selective β-AR blocker) or bisoprolol (a
selective β1-AR blocker) significantly blocked ISO-induced NF-κB

Fig. 2 MD2 deficiency prevented ISO-induced ventricular remodelling in mice. MD2KO mice and WT mice were administered
30mg·kg−1·d−1 ISO or an equal volume of 0.002% ascorbic acid for two weeks. a Representative H&E staining (longitudinal) of cardiac tissues
(scale bar = 100 μm). b Representative H&E staining (transverse) of cardiac tissues (scale bar= 100 μm). c–f Representative staining images and
quantification of mouse heart sections stained with Masson’s Trichrome (c, d) and Sirius Red (e, f) (scale bar= 100 μm). g, h Representative
staining images and quantification of heart tissues with FITC-WGA (scale bar= 50 μm). i ANP level in the serum based on ELISA. j The mRNA
levels of Myh7, Nppa, Col1a1, and Tgfb1 in the heart tissues based on real-time PCR. Actb mRNA was used as loading control. k Representative
immunoblots showing cardiac tissue β-MyHC, ANP, COL-1, and TGF-β1. GAPDH was used as a loading control. l IL-6 and TNF-α levels in the
serum based on ELISA. m The mRNA levels of Il6 and Tnf in the heart based on real-time PCR. Actb mRNA was used as loading control.
n Activation of the NF-κB pathways was assessed by probing for the degradation of IκBα and phosphorylated NF-κB P65. Total P65 and
GAPDH were used as controls. Mean ± SEM, for (a–h), n= 6, **P < 0.01; for (i–n), n= 7, *P < 0.05, **P < 0.01.
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Fig. 3 Both cardiomyocyte MD2 and bone marrow-derived macrophage MD2 played critical roles in ISO-induced cardiac remodelling.WT
mice or MD2KOmice were irradiated and administered bonemarrow cells from either WT and MD2KOmice, WT→WT: marrow-derived cells from
WT mice were transplanted in irradiated WT mice, WT→ KO: marrow-derived cells from WT mice were transplanted in irradiated MD2KO mice,
KO→WT: marrow-derived cells from MD2KO mice were transplanted in irradiated WT mice, KO→ KO: marrow-derived cells from MD2KO mice
were transplanted in irradiated MD2KOmice. Mice were then administered 30mg·kg−1·d−1 ISO for 2 weeks. a Schematic illustrating this modelling
process. b Representative H&E staining (longitudinal) of cardiac tissues (scale bar= 100 μm). c Representative H&E staining (transverse) of cardiac
tissues (scale bar= 100 μm). d–g Representative staining images and quantification of mouse heart sections stained with Masson’s Trichrome (d, e)
and Sirius Red (f, g) (scale bar= 100 μm). h, i Representative staining images and quantification of heart tissues with FITC-WGA (scale bar= 50 μm).
j ANP level in the serum based on ELISA. k The mRNA levels of Myh7, Nppa, Col1a1, and Tgfb1 in the heart tissues based on real-time PCR. Actb
mRNAwas used as loading control. l Representative immunoblots showing cardiac tissue β-MyHC, ANP, COL-1, and TGF-β1. GAPDH was used as a
loading control.m IL-6 and TNF-α levels in the serum based on ELISA. n The mRNA levels of Il6 and Tnf in the heart based on real-time PCR. Actb
mRNA was used as loading control. o Activation of the NF-κB pathways was assessed by probing for the degradation of IκBα and phosphorylated
NF-κB P65. Total P65 and GAPDH were used as controls. Mean ± SEM, for (b–i), n= 6, **P < 0.01; for (j–o), n= 7, *P < 0.05, **P < 0.01.
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Table 2. Echocardiographic parameters of the chimeric mice challenged with ISO (Model 2).

Model (2) WT→WT (n= 7) WT→KO (n= 7) KO→WT (n= 7) KO→KO (n= 7)

HW/BW (mg/g) 7.24 ± 0.23 6.45 ± 0.20* 6.16 ± 0.15** 6.27 ± 0.16**

HW/TL (mg/mm) 9.80 ± 0.30 8.65 ± 0.11** 8.90 ± 0.13* 8.49 ± 0.16**

EF % 54.29 ± 2.25 65.00 ± 1.66** 66.86 ± 1.26** 70.24 ± 0.92**

FS % 26.43 ± 1.40 32.71 ± 0.94** 32.86 ± 0.88** 35.43 ± 0.84**

LV mass (mg) 153.30 ± 3.36 125.40 ± 2.83** 124.40 ± 1.88** 119.4 ± 1.67**

LVAWs (mm) 1.44 ± 0.02 1.28 ± 0.02** 1.26 ± 0.04** 1.23 ± 0.02**

LVAWd (mm) 1.01 ± 0.03 0.77 ± 0.02** 0.72 ± 0.02** 0.73 ± 0.02**

Transthoracic echocardiography was performed on mice at the ending of the animal study. Data presented as mean ± SEM, n= 7. *P < 0.05, **P < 0.01
compared to WT→WT.
HW heart weight, BW body weight, TL tibial length, EF ejection fraction, FS fractional shortening, LVAWs left ventricular anterior wall end-systolic dimension,
LVAWd left ventricular anterior wall end-diastolic dimension.

Fig. 4 MD2 blockade alleviated ISO-induced cardiomyocyte inflammatory response and remodelling in vitro. H9c2 cells and neonatal rat
primary cardiomyocytes were used to model ISO effects in culture. a H9c2 cells were transfected with control siRNA (NC) or MD2 siRNA (siMD2);
Lysates were probed for the protein levels of MD2. GAPDHwas used as a control. Densitometric quantification is shown below. b, c H9c2 cells were
transfected with control siNC or siMD2 and exposed to ISO (20 μM) for 1 h. Representative Western blotting for p-P65 and IκBα in cells, total protein
P65 and GAPDH were used as controls (b). Immunofluorescence staining for the NF-κB P65 subunit (red) in H9c2 cells. Cells were counterstained
with DAPI (blue) (scale bar= 50 μm). Quantification is shown on the right (c). dH9c2 cells were transfected with control si NC or si MD2 and exposed
to ISO (20 μM) for 24 h. The mRNA levels of inflammatory genes, Il6 and Tnf. ActbmRNAwas used as a loading control. e H9c2 cells were pretreated
with L6H21 (10 μM) for 1 h and exposed to ISO (20 μM) for 1 h. Representative Western blotting for p-P65 and IκBα in cells, total protein P65 and
GAPDH were used as controls. f NRCMs were transfected with control siNC or siMD2 and exposed to ISO (20 μM) for 1 h. Representative Western
blotting for p-P65 and IκBα in cells, total protein P65 and GAPDH were used as controls. g, h H9c2 cells were transfected with control siNC or siMD2
and exposed to ISO (20 μM) for 24 h. Representative Western blotting for β-MyHC, ANP, COL-1, and TGF-β1 in cells, GAPDH was used as controls (g).
H9c2 cells were stained with TRITC Phalloidin to assess hypertrophic responses (scale bar= 50 μm). Quantification is shown on the right (h). i H9c2
cells were pretreated with L6H21 (10 μM) for 1 h and exposed to ISO (20 μM) for 24 h. Representative Western blotting for β-MyHC, ANP, COL-1, and
TGF-β1 in cells, GAPDH was used as controls. j NRCMs were transfected with control siNC or siMD2 and exposed to ISO (20 μM) for 24 h.
Representative Western blotting for β-MyHC, ANP, COL-1, and TGF-β1 in cells, GAPDH was used as controls. Mean ± SEM, n= 3, *P < 0.05, **P < 0.01.
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activation and MD2-TLR4 interaction in cardiomyocytes (Fig. 6b, c).
Since β1-AR is the main type of β-AR in cardiomyocytes, the
selective β2-AR blocker, ICI-118551, failed to block ISO-induced
these changes (Fig. 6b, c). These data indicated that β1-AR in
cardiomyocytes mediated ISO-induced MD2 activation. The cAMP-
PKA-ROS signalling pathway is canonical downstream of β1-AR,
and we then examine whether it is involved in MD2 activation in
cardiomyocytes. We then used forskolin to increase cAMP
intracellular levels, which activated adenylcyclase. Our results
showed that exposure of cardiomyocytes to forskolin increased
the association of MD2 with TLR4 (Fig. 6d), and the ISO-increased
MD2-TLR4 interaction was inhibited by a PKA inhibitor H89
(Fig. 6e). Notably, ISO stimulation in cardiomyocytes rapidly
increased ROS production (Fig. 6f), which has been reported to
induce MD2-TLR4 activation [22]. Both propranolol and bisoprolol,
but not ICI-118551, could inhibit ROS generation induced by ISO

(Fig. 6f). Our data in Fig. 6g also validated the activation of MD2-
TLR4 by ROS in H9c2 cells. In addition, NAC, a ROS scavenger,
significantly blocked ISO-induced the formation of the MD2-TLR4
complex in H9c2 cells (Fig. 6h, Supplementary Fig. S12). Collec-
tively, these data revealed that the β1-AR-cAMP-PKA-ROS pathway
mediated ISO-induced MD2 activation and inflammatory response
in cardiomyocytes (Fig. 6i).

ISO activated MD2 via β2-AR-cAMP-PKA-ROS signalling axis in
macrophages
Co-IP assay showed that ISO also stimulated the formation of MD2-
TLR4 complex (Fig. 7a) and the recruitment of MyD88 (Supplemen-
tary Fig. S13) in MPMs. Sincemacrophagesmainly express β2-AR, not
β1-AR, we then explored whether ISO activates MD2 via β2-AR in
macrophages. As expected, pre-treatment of MPMswith propranolol
and ICI-118551, but not β1-AR blocker bisoprolol, remarkedly

Fig. 5 Blockade of MD2 inhibited ISO-induced macrophage inflammatory response in vitro. a, b Primary macrophages isolated from
MD2KO and WT mice were challenged with ISO (20 μM) for 1 h. Representative Western blotting for p-P65 and IκBα in cells, total protein P65
and GAPDH were used as controls (a). Immunofluorescence staining for the NF-κB P65 subunit (red) in primary macrophages. Cells were
counterstained with DAPI (blue) (scale bar= 25 μm). Quantification is shown on the right (b). c, d MPMs were isolated from MD2KO and WT
mice and exposed to ISO (20 μM) for 24 h. The levels of IL-6 and TNF-α cytokines in culture media were measured by ELISA (c). The mRNA
levels of inflammatory genes, Il6 and Tnf. Actb mRNA was used as a loading control (d). e Primary macrophages were pretreated with L6H21
(10 μM) for 1 h and exposed to ISO (20 μM) for 1 h. Representative Western blotting for p-P65 and IκBα in cells, total protein p65 and GAPDH
were used as controls. f Schematic illustration of the experimental model employed to determine the role of ISO-induced paracrine factors.
Primary macrophages isolated from MD2KO and WTmice were challenged with ISO (20 μM) for 24 h. Conditioned medium was collected from
the cells. The primary cardiomyocytes and primary cardiac fibroblasts were then challenged with media for 24 h. g Western blot revealing the
protein levels of β-MyHC, ANP, COL-I, and TGF-β1 in whole cell lysates of primary cardiomyocytes. GAPDH was used as a control. h Primary
cardiomyocytes were stained with TRITC Phalloidin to assess hypertrophic responses (scale bar= 50 μm). Quantification is shown on the right.
i Western blot revealing the protein levels of COL-I and TGF-β1 in whole cell lysates of primary cardiac fibroblasts. GAPDH was used as a
control. Mean ± SEM, n= 3; *P < 0.05, **P < 0.01.
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attenuated ISO-induced NF-κB activation and MD2-TLR4 interaction
in MPMs (Fig. 7b, c). As in cardiomyocytes, forskolin incubation
induced MD2-TLR4 interaction and the PKA inhibitor H89 reversed
ISO-induced MD2-TLR4 complex formation (Fig. 7d, e), implicating
that cAMP-PKA signalling is also required for ISO induction in
macrophages. Further, as those in cardiomyocytes, propranolol and
ICI-118551 also blocked ISO-induced oxidative stress (Fig. 7f),
increased ROS could cause the interaction between MD2 and TLR4
(Fig. 7g), and pre-treatment of cells with NAC blocked ISO-induced
MD2 activation in MPMs (Fig. 7h, Supplementary Fig. S14). These
findings clearly demonstrated that β2-AR-cAMP-PKA-ROS signalling
mediated ISO-induced MD2 activation and the downstream
inflammatory cascade in macrophages (Fig. 7i).

DISCUSSION
MD2 is a key protein in endotoxin-related innate immunity. This
study set out to investigate the role of MD2 in adrenergic
stimulation related pathological cardiac remodelling and reveal its
potential mechanism. Our results showed the increased expression
and activation of MD2 in the myocardium of ISO-challenged mice.
MD2 gene knockout or pharmacological inhibition attenuated ISO-
induced cardiac inflammation, hypertrophy, fibrosis, and dysfunc-
tion. Using marrow depletion and reconstitution, we showed that

MD2 in either cardiomyocytes or bone marrow-derived cells
mediated ISO-induced cardiac inflammation and remodelling. In
addition to that MD2 mediated ISO-induced inflammation in both
cardiomyocytes and macrophages, MD2-mediated macrophage
cytokines further promote hypertrophy and fibrosis in cardiomyo-
cytes and fibroblasts. Furthermore, we demonstrate that ISO
induces the activation of MD2 and subsequent TLR4-MyD88-NF-
κB inflammatory cascade via β1-AR-cAMP-PKA-ROS signalling axis in
cardiomyocytes, or β2-AR-cAMP-PKA-ROS axis in macrophages.
Taken together, our findings identify MD2 as a key mediator and a
promising therapeutic target for ISO-induced cardiac inflammation
and heart failure (Fig. 8).
We found that ISO could activate MD2 to induce inflammatory

response via β-ARs. The relation between β-ARs and inflammation
in HF has been reported. Previous study has shown the
involvement of β-ARs in the inflammatory response in both
cardiomyocytes and immune cells [23]. The sympathetic nervous
system has been considered as an important regulator of
inflammatory responses [24]. Toyoda et al showed that selective
β1-AR blocker bisoprolol has anti-inflammatory effects in HF
patients [7]. Xiao et al showed that β1-AR mediates ISO-induced
inflammasome activation and inflammatory response in cardio-
myocytes [25]. Another study found that mice lacking immune cell
β2-AR showed decreased immune cell infiltration to hearts and

Fig. 6 β1-AR/cAMP/PKA/ROS signalling mediates ISO-induced MD2 activation in cardiomyocytes. a H9c2 cells were incubated with ISO
(20 μM) for the indicated time periods. Representative immunoblots showed the co-IP of MD2 and TLR4 in cells. Endogenous MD2 was
immunoprecipitated by anti-MD2 antibody. IgG, immunoglobulin G. b H9c2 cells were pretreated with propranolol (Prop, 0.1 μM), β1-AR
blocker bisoprolol (Biso, 1 μM) and β2-AR blocker ICI 118,551 (ICI, 0.1 μM) for 1 h and then treated with ISO (20 μM) for 1 h. Western blot
analysis for p-P65 and IκBα in cells, total proteins and GAPDH were used as controls. c H9c2 cells were pretreated with Prop (0.1 μM), Biso
(1 μM) and ICI (0.1 μM) for 1 h and then treated with ISO (20 μM) for 30 min. MD2 was IP and TLR4 was detected by IB. d H9c2 cells were
exposed to forskolin at different concentrations for 30min. MD2 IP was performed and levels of TLR4 were detected by IB. e H9c2 cells were
pretreated with H89 (10 μM) for 1 h and then treated with ISO (20 μM) for 30min. MD2 IP was performed and levels of TLR4 were detected by
IB. f H9c2 cells were pretreated with Prop (0.1 μM), Biso (1 μM) and ICI (0.1 μM) for 1 h and then treated with ISO (20 μM) for 30 min. DHE
staining in H9c2 cells (scale bar= 25 μm). g H9c2 cells were exposed to tert-butyl hydroperoxide (TBHP) at different concentrations for 30min.
MD2 IP was performed and levels of TLR4 were detected by IB. h H9c2 cells were pretreated with ROS scavenger NAC (5 mM) for 1 h and then
treated with ISO (20 μM) for 30 min. MD2 IP was performed and levels of TLR4 were detected by IB. i Schematic illustrating the potential
signalling. Mean ± SEM, n= 3; **P < 0.01, ns not significant.
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improved cardiac function [26]. We firstly found that ISO induced
MD2 activation and inflammatory cascade through β1-AR and β2-
AR in cardiomyocytes and macrophages, respectively. These data
provide a mechanistic explain for ISO and β-ARs regulating
inflammatory response.
After β-ARs activation, the level of cAMP was enhanced in the

myocardium [27]. cAMP is known as a mediator of anti-
inflammatory responses, and cAMP-dependent signalling has
been pharmacologically exploited for the treatment of inflamma-
tory diseases. cAMP can act as a positive regulator of a number of
inflammatory genes [28]. A new study has shown that glib-
enclamide inhibited the cAMP-PKA signalling pathway in mouse
hearts and cardiomyocytes to alleviate β-AR overactivation-
induced cardiac inflammation [29]. Cardiac overexpression of
phosphodiesterase 4B, a cAMP-hydrolyzing protein, blunted β-AR
response and maladaptive remodelling in ISO-induced HF [30],
which suggested that cAMP plays a pathogenic role in sympa-
thetic excitation-related HF. The cAMP-PKA activation increased
cellular ROS production. Xiao et al found that ISO induced
inflammasome activation is mediated by the β1-AR-ROS pathway
[25]. Transgenic activation of β2-AR leads to ROS production and

p38 MAPK phosphorylation, associated with cardiac inflammation
and dysfunction, while antioxidant treatment protected hearts
against these abnormalities, indicating ROS production to be
central to link the detrimental signalling of β2-AR and inflamma-
tion [31]. What’s more, it has been reported that both
mitochondrial-derived and NADPH oxidase-derived ROS are
generated in cardiomyocytes during chronic β-AR activation
[32, 33]. How PKA mediated oxidative stress is not our focus
here, which is worth further study. Our previous study found that
TBHP induced the formation of MD2-TLR4 complex on a short
time and pro-inflammatory response [34]. Here, our results found
that ROS induced MD2-TLR4 complex formation and NAC
inhibited ISO-induced MD2-TLR4 interaction in both cardiomyo-
cytes and macrophages. To our best knowledge, this is the first
time to identify that β-AR-cAMP-PKA-ROS signalling mediated ISO-
induced inflammatory response and cardiac inflammatory injuries.
Enhanced ROS level induced cellular injuries and produced

DAMPs in cells [35]. Emerging evidence suggested that TLRs can be
activated by endogenous DAMPs, which are produced by damaged
and dying cells and promote sterile inflammation [36]. The
interaction between TLR4 and DAMPs, such as Galectin-3 and High

Fig. 7 β2-AR-cAMP-PKA-ROS-MD2-TLR4 pathway mediated ISO induced macrophages inflammatory injury. a Primary macrophages were
incubated with ISO (20 μM) for 1 h. MD2 IP was performed and levels of TLR4 were detected by IB. IgG, immunoglobulin G. b Primary
macrophages were pretreated with Prop (0.1 μM), Biso (1 μM) and ICI (0.1 μM) for 1 h and then treated with ISO (20 μM) for 1 h. Western blot
analysis for p-P65 and IκBα in cells, total proteins and GAPDH were used as controls. c Primary macrophages were pretreated with Prop
(0.1 μM), Biso (1 μM) and ICI (0.1 μM) for 1 h and then treated with ISO (20 μM) for 30min. MD2 was IP and TLR4 was detected by IB. d Primary
macrophages were exposed to forskolin (100 μM) for 30min. MD2 IP was performed and levels of TLR4 were detected by IB. e Primary
macrophages were pretreated with H89 (10 μM) for 1 h and then treated with ISO (20 μM) for 30min. MD2 IP was performed and levels of TLR4
were detected by IB. f Primary macrophages were pretreated with Prop (0.1 μM), Biso (1 μM) and ICI (0.1 μM) for 1 h and then treated with ISO
(20 μM) for 30 min. DHE staining in cells (scale bar= 25 μm). g Primary macrophages were exposed to TBHP (100 μM) for 30min. MD2 IP was
performed and levels of TLR4 were detected by IB. h Primary macrophages were pretreated with ROS scavenger NAC (5mM) for 1 h and then
treated with ISO (20 μM) for 30min. MD2 IP was performed and levels of TLR4 were detected by IB. i Schematic illustrating the potential
signalling. Mean ± SEM, n= 3; **P < 0.01, ns not significant.
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mobility group box 1 (HMGB1), have been found that contribute to
the pathogenesis of cardiac injury induced by ISO [37, 38]. Disulfide
HMGB1 activated the TLR4 complex by binding to MD2 [39].
Another study performed a computational approach to determine a
relationship between TLR4-MD2 and heat-shock protein 70 families
(HSP70) in human LV and aorta [40]. As shown in Supplementary
Fig. S15, the expression of these DAMPs was up-regulated in heart
tissues under ISO perfusion, indicating that ROS-mediated endo-
genous DAMPs production promoted the inflammatory response
and the progress of HF. Thus, we may guess that increased ROS
induces the production of cellular DAMPs, which activates MD2-
TLR4 signalling to further drive inflammation in cardiomyocytes and
macrophages. Further studies need to be performed to validate this
hypothesis.
The remarkedly protective effect of blocking cardiomyocytes or

macrophages MD2 on heart hypertrophy was also attributed
to halting the vicious cycle of cross-talk between cardiomyocytes
and macrophages. The intercellular signalling and communication
between cardiomyocytes and macrophages are critical in the
pathophysiology of cardiac remodelling [41]. Both cardiomyocyte
and macrophage MD2 directly mediated NF-κB-dependent
inflammatory response under ISO stimulation, which contributes
to the pro-inflammatory extracellular milieu. The activated local
macrophages and the infiltrated bone marrow-derived immune
cells from the circulation subsequently increased cardiac inflam-
mation by co-stimulation and positive feedback loops. In addition,
damaged cardiomyocytes and macrophages additionally released
DAMPs, which may further activate local cardiomyocyte MD2 and
macrophage MD2 signalling. These mechanisms may drive the
cross-talk between cardiomyocytes MD2 and macrophages MD2.

A point worth mentioning here is the concentration of ISO used
in our cellular studies. The ISO concentration used in our cellular
studies is super-physiological 20 μM, which is much higher than the
plasma catecholamine level in heart failure patient. However, we
selected this concentration of ISO according to a lot of previous
studies [29, 42, 43]. Although previous studies used the concentra-
tion of 20 μM possibly for more evident cellular phenotypes, the
relatively high ISO dosage may be a limitation of our research. To
examine if ISO at a low dose also induce the same cellular
mechanism, we treated both cardiomyocytes and macrophages
with ISO at 100 nM. As we can see in the Supplementary Fig. S16
and S17, ISO at 100 nM also significantly increased ROS generation,
MD2-TLR4 interaction, and inflammatory response in the cultured
cardiomyocytes and macrophages. Similarly, MD2 knockdown
alleviated these phenotypes induced by 100 nM ISO in both
cardiomyocytes and macrophages. These results indicate that ISO
at pathological concentration is able to induce MD2 activation and
inflammatory response. However, the dose-dependent effects of
ISO in both cell types deserved further study.
Another limitation of this study may be lacking the role of MD2 in

cardiac fibroblast. Fibroblasts are an important resident cell
population in the heart and partly mediate cardiac fibrosis and
injuries [44]. Cardiac fibroblasts, with high β2-AR expression, respond
to direct β‐AR activation and paracrine signals from cardiomyocytes,
and then proliferate and increase contractile forces and express high
levels of collagens [45–48]. β2-AR activation in cardiac fibroblasts has
been also shown to increase the release of pro-inflammatory
cytokines [47]. Although our data showed fibroblasts has a less MD2
expression compared to cardiomyocytes and macrophages, we
could not completely exclude the contribution of β2-AR-cAMP-PKA-

Fig. 8 Schematic model of MD2 mediated ISO-induced cardiac remodelling. ISO induced MD2 activation and inflammatory response via β1-
AR-cAMP-PKA-ROS signalling axis in cardiomyocytes, or β2-AR-cAMP-PKA-ROS axis in macrophages, respectively. Both cardiomyocyte MD2
and macrophage MD2 mediated ISO-induced inflammatory responses and subsequent viciously intercellular cross-talk between
cardiomyocytes and macrophages, resulting in increased pathological cardiac remodelling.
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ROS-MD2 signalling pathway in fibroblasts in ISO-induced cardiac
inflammation, fibrosis, and remodelling. Further studies are needed
to determine the potential regulatory roles of MD2 in β2-AR-
mediated signalling and function in cardiac fibroblasts. The utility of
cardiomyocyte-specific and macrophage-specific MD2 knockout
mice in the future study may make our conclusion more convincing.
Another interesting question is how ISO upregulates MD2 expres-
sion? The inflammatory transcriptional factor NF-κB has been
reported to up-regulate the gene transcription of TLR4 [49].
Therefore, we may consider that the ISO-induced inflammatory
response and NF-κB activationmay also be able to induce MD2 gene
expression in a positive feedback manner. Nevertheless, other
mechanisms may be also involved and this question deserves
further investigation.

CONCLUSION
In summary, we have shown that β-AR-cAMP-PKA-ROS activated
MD2 pro-inflammatory signalling as a central driving force in ISO-
induced HF. We show that β1-AR and β2-AR mediate inflammatory
response via MD2 in cardiomyocytes and macrophages, respec-
tively. These results have shed new light on the role of MD2 in ISO-
related HF and support the therapeutic potential of targeting MD2
in this disease.
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