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Abstract
Background Although it has been established that protein kinase D (PKD) plays a crucial role in various diseases, its 
precise role in myocarditis remains elusive.

Methods To investigate PKD’s involvement in myocarditis, we established a mouse model of myocarditis using 
doxorubicin (DOX) to assess cardiac function, observe pathological changes, and quantify inflammatory cytokine 
levels in heart tissues. Additionally, macrophages were isolated from heart tissues of both control and DOX-treated 
groups to assess PKD expression and inflammatory cytokines in these macrophages. We explored the molecular 
mechanism of Neurogenic Differentiation 2 (NeuroD2) in myocarditis by utilizing NeuroD2 overexpression plasmids 
and NeuroD2 small interfering RNA (siRNA). Furthermore, we conducted dual-luciferase reporter and chromatin 
immunoprecipitation (ChIP) assays to investigate the interaction between NeuroD2 and PKD.

Results We observed significant upregulation of PKD in macrophages and heart tissues induced by DOX. The 
administration of a PKD inhibitor reduced inflammatory cytokine levels, improved cardiac function, and mitigated 
pathological changes in myocarditis-afflicted mice. Mechanistically, we found upregulated expression of NeuroD2 
in both macrophages and heart tissues exposed to DOX. NeuroD2 could directly target PKD, enhancing the NLRP3/
NF-κB signaling pathway and exacerbating macrophage inflammation.

Conclusions Our study demonstrates that NeuroD2 can directly bind to the PKD promoter, potentially promoting 
inflammatory activation of macrophages in DOX-induced myocarditis via the NLRP3/NF-κB pathway. This suggests 
that the NeuroD2/PKD axis may hold promise as a potential therapeutic approach for treating DOX-induced 
myocarditis.
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Introduction
Myocarditis is an inflammatory disease of the cardiac 
muscle, typically triggered by viral infections and subse-
quent immune-mediated responses [1, 2]. Patients with 
myocarditis can manifest a wide spectrum of clinical 
symptoms, ranging from asymptomatic cases to cardio-
genic shock and unexpected sudden death [3]. Recent 
studies investigating sudden cardiac death in young indi-
viduals have reported myocarditis in 2–42% of autopsied 
cases [4]. Besides supportive care, there are currently 
limited treatment options for both the acute and chronic 
stages of myocarditis [2], emphasizing the need to 
develop innovative therapeutic interventions.

The primary cause of myocarditis is localized or wide-
spread myocardial interstitial inflammation, which leads 
to the degeneration and necrosis of myocardial cells and 
fibers, ultimately impairing cardiac function [5]. Cardiac 
tissue macrophages, the immune cells in the myocar-
dium, perform a myriad of roles in normal physiological 
tissue maintenance and various pathological conditions 
[6]. In response to cardiac injury, the population of car-
diac macrophages significantly increases, promoting 
inflammatory activation and the release of inflammatory 
cytokines such as IL-1β, IL-6, and TNF-α, thereby accel-
erating myocardial damage [7, 8]. As crucial players in 
the inflammatory response, macrophages also profoundly 
affect the development of cardiovascular diseases, 
including unfavorable cardiac remodeling, hypertension, 
myocardial infarction, and more [9]. Previous studies 
have reported that in human CVB3-induced myocarditis, 
infiltrating macrophages exhibit classical activation phe-
notypes (M1-type) and enhance cardiac inflammation 
by releasing pro-inflammatory cytokines such as TNF-α 
and IL-6. Importantly, these M1-type macrophages can 
also influence the ensuing adaptive immune response 
to pathological Th1 responses, thereby exacerbating 
myocarditis, highliting the critical pathological role of 
macrophages-mediated inflammation in CVB3-induced 
myocarditis [10]. The NLR family pyrin domain-con-
taining protein 3 (NLRP3) inflammasome is a crucial 
multiprotein complex that is essential for modulating 
the innate immune system and inflammatory signaling 
pathways [11]. And nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), a pivotal activator 
of inflammatory responses, initiates the activation of the 
NLRP3-inflammasome by stimulating the expression of 
pro-IL-1β and NLRP3 [12]. A prior study indicated that 
the NF-κB/NLRP3 pathway holds a pivotal role in the 
pyroptosis of cardiomyocytes [13]. Therefore, targeting 
the inflammatory activation of macrophages, along with 
the NF-κB/NLRP3 axis, could be a promising therapeutic 
approach for myocarditis.

Protein kinase D (PKD), a family of serine/threo-
nine protein kinases, plays a vital role in the signaling 

network of the second messenger diacylglycerol [14]. 
It has been established that PKD is activated by various 
extracellular stimuli and transmits crucial cell signals 
that impact fundamental cellular functions, including 
secretion, migration, proliferation, survival, angiogen-
esis, and immune responses [15]. Dysregulation of PKD 
expression and activity has been implicated in numer-
ous human diseases, such as cancer, metabolic disorders, 
central nervous system disorders, as well as cardiac and 
inflammatory conditions [16]. For instance, Venardos et 
al. reported that the PKD inhibitor CID755673 enhances 
cardiac function in diabetic db/db mice [17]. Addition-
ally, studies have highlighted PKD’s involvement in 
inflammatory bowel disease and protease-induced neu-
rogenic inflammation and pain [18, 19]. Nevertheless, 
the role and potential mechanisms of PKD in myocarditis 
remain unexplored.

Through JASPAR database mining, we found that Neu-
roD2 was functionally targeted by PKD. Neurogenic 
Differentiation 2 (NeuroD2), a member of the basic-
helix-loop-helix (bHLH) transcription factor family, acts 
as a master regulator of cell proliferation, neuronal dif-
ferentiation, and specification [20]. Additionally, Neu-
roD2 has been reported to be linked to inflammation, as 
evidenced by its upregulation in mice with spinal cord 
injury, where it plays a role in regulating inflammation 
and oxidative stress [21]. However, its role in myocarditis 
remains largely unknown.

Based on previous research and bioinformatic analy-
sis, we investigated the role of PKD in a mouse model of 
myocarditis induced by doxorubicin (DOX) and assessed 
its impact on pathological conditions and cardiac func-
tion in this model. Furthermore, we explored the role 
of PKD in the inflammatory activation of macrophages 
isolated from mice in different experimental groups. We 
also conducted additional studies to elucidate the inter-
action between PKD and neurogenic differentiation 2 
(NeuroD2) and the involvement of the NLRP3/NF-κB 
pathway in DOX-induced myocarditis.

Materials and methods
Database analysis
The JASPAR database ( h t t p  : / /  w w w .  j a  s p a  r . g  e n e r  e g  . n e t)) 
was used to explore the possible binding sites of the Neu-
roD2 and PKD promoters.

Animal model
All in vivo experiments were performed according to the 
guidelines for the Care and Use of Laboratory Animals 
of Xiangya Hospital of Central South University. This 
study was conducted in accordance with the ARRIVE 
Guidelines and approved by the Institutional Animal 
Care and Use Committee (IACUC) of Xiangya Hospital 
of Central South University (Approval No. 2022101065). 

http://www.jaspar.genereg.net
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24 healthy male C57BL/6 mice (4–6 weeks old, 16–18 g) 
were purchased from the Laboratory Animal Center of 
Southern Medical University. Mice were provided with 
food and water ad libitum and kept under controlled 
conditions (Temperature 22.2  °C, air humidity 40–70%) 
with 12  h:12  h light/dark cycles. The mice were ran-
domly divided into four groups (n = 6 per group): the 
control group, the DOX group, the DOX + DMSO group, 
and the DOX + CID755673 group. CID755673 was dis-
solved in DMSO. Mice were treated with intraperitoneal 
saline injections as a control, and mice received 1.5 mg/
kg DOX once every two days for a total of three weeks 
by intraperitoneal injection in the DOX group. Mice in 
the DOX + DMSO group and DOX + CID755673 group 
were treated with equal volume intraperitoneal injections 
of DOX (once every two days for three weeks), and these 
mice received daily intraperitoneal injections of 10 mg/kg 
CID755673 (Abmole Biosciences, Houston, Texas, USA) 
or equal volume of DMSO solution during DOX treat-
ment for two weeks. On day 21 of injection, echocar-
diography was performed to detect myocardial functions. 
Then, the mice were sacrificed, and heart tissues were 
harvested for subsequent experiments.

Echocardiography
Mice were placed on a heating pad at 37  °C and keep 
continuous anesthetized with 2-3% isoflurane. Pulse 
oximetry was used to monitor heart rate and oxygen 
saturation, while the depth of anesthesia was regularly 
controlled by evaluating the toe-withdrawal reflex and 
monitoring heart rate (The desired heart rate target was 
400 ± 50  bpm). Echocardiography was carried out on 
SomnoSuite small animal anaesthesia system (Kent Sci-
entific Corporation, USA), standard echo views (para-
sternal long axis view [PLAX], parasternal short axis 
view [PSAX] and apical four‐chamber view [4‐CV]) were 
obtained as previously reported. All measurements were 
obtained from M-mode images captured in the para-
sternal long-axis view (PLAX) at the papillary muscle 
level of mice. The left ventricular end-diastolic diameter 
(LVEDd), left ventricular end-systolic diameter (LVESd) 
were measured, and left ventricular fraction shortening 
(LVFS) and left ventricular ejection fraction (LVEF) were 
calculated as follows.

 EF = 100 x
(LVEDV − LVESV)

LVEDV
; FS = 100 x

(LVEDD − LVESD)
LVEDD

;

Hematoxylin and Eosin staining
Heart tissues obtained from different groups were fixed 
in 4% paraformaldehyde at room temperature overnight. 
The tissues underwent dehydration through a series 
of graded ethanol, followed by embedding in paraf-
fin and slicing into sections with 5-µm-thickness. After 

dewaxing and dehydration, slices were stained with 
Hematoxylin (Sigma Aldrich) for a duration of 3–6 min, 
subsequently rinsed for 1–2 min, and then differentiated 
for 1–3 s using 1% hydrochloric acid alcohol, and encour-
aged the liquid to turn blue for 5–10 s, rinsed under run-
ning water for 15–30 s, and then stained with 0.5% eosin 
solution (Sigma Aldrich) for 2–3  min.The sections then 
underwent washing with distilled water for 1 to 2 s, fol-
lowed by immersion in 80% ethanol for 15–30 s, then in 
95% ethanol for another 15–30 s, and ultimately in anhy-
drous ethanol for 1 to 2  s. After being dried, they were 
sealed with neutral gum. The histological examination 
was performed using a light microscope (Olympus Corp.) 
with the Olympus DP70 digital camera.

Immunofluorescence staining
Mouse heart tissues were fixed in 4% paraformaldehyde 
and embedded in paraffin. The paraffin blocks were then 
sectioned into 5 μm thick slices. Following dewaxing and 
rehydration, sections were incubated with 5% bovine 
serum albumin for 1 h. After being washed with PBS, the 
slides were incubated with primary antibodies against 
CD68 (1:50, Abcam, Cambridge, MA, USA) at 4℃ over-
night. Subsequently, they were incubated with the cor-
responding secondary antibodies for 1  h. Images were 
acquired using confocal microscopy (Carl Zeiss, Ger-
many), and the average fluorescence intensity was quanti-
fied using ZEN software.

Enzyme-linked immunosorbent assay
The levels of tumor necrosis factor (TNF-α), interleu-
kin (IL)-6, IL-18, and IL-1β in macrophages super-
natant or heart homogenate were measured using 
respective enzyme-linked immunosorbent assay (ELISA) 
kits (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
according to the manufacturer’s instructions.

Cell culture and flow cytometry
Macrophages were isolated from mice heart tissues from 
different groups. Briefly, mice were sacrificed, and hearts 
were collected and cut into small pieces of 1–2 mm3 
on ice. Heart tissues were digested by 0.125% trypsin at 
37  °C for 5–6 times for a total of 10  min. A single-cell 
suspension was collected after centrifugation and filtra-
tion. Macrophages were isolated from the single-cell 
suspension using the Anti-F4/80 MicroBeads UltraPure 
kit (Novobiotec, Beijing, China), according to the manu-
facturer’s protocol. The purity of freshly isolated macro-
phages was determined by a FACSAria II flow cytometer 
(BD Biosciences, San Jose, CA, USA).
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Quantitative real-time reverse transcription polymerase 
chain reaction
The total RNA was extracted from macrophages or heart 
tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA), and the Reverse Transcription Kit (Takara, Dalian, 
China) was used to convert RNA into complementary 
DNA (cDNA). Quantitative real-time reverse transcrip-
tion-polymerase chain reaction (qRT-PCR) was con-
ducted using SYBR Select Master Mix on an ABI Prism 
7000 Sequence Detection System (Applied Biosystems, 
Foster City, CA, USA). Relative expression was quantified 
following the 2−ΔΔCt method. The primers used in this 
research are listed in Table 1.

Western blotting
Mice heart tissues and macrophages were lysed in ice-
cold RIPA lysis buffer containing protease inhibitors 
(Beyotime Biotechnology, Shanghai, China) to extract 
the total protein. The BCA Protein Assay Kit (Beyotime 
Biotechnology) was utilized to measure the total pro-
tein concentrations. The protein extracts were separated 
with sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvi-
nylidene fluoride (PVDF) membranes. After blocking 1 h 
with 5% skimmed milk, the membranes were incubated 
with the following primary antibodies at 4℃ overnight, 
including PKD (1:2000; Affinity Biosciences, Cincinnati, 
OH, USA), NLRP3 (1:2000; Affinity Biosciences), p-p65 
(1:1000; Affinity Biosciences), p65 (1:1000; Affinity Bio-
sciences), Neurod2 (1:1000; Biorbyt, Cambridge, UK.), 
GAPDH (1:3000; Affinity Biosciences). Followed by treat-
ment with horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (1:3000; Affinity Biosciences) at room 
temperature for 2 h. The protein expression was detected 
by an enhanced chemiluminescence (ECL) detection 
system.

Plasmid, oligonucleotides and transfection
The full length of the PKD cDNA sequence was ampli-
fied and cloned into the pcDNA3.1 vector to construct 
a PKD overexpression plasmid named pcDNA3.1- PKD. 
Besides, the NeuroD2 overexpression plasmid was con-
structed. The NeuroD2 small interfering RNA (siNeu-
roD2) and its negative control (NC siRNA) were obtained 
from Genechem (Shanghai, China). The sequences of 
oligonucleotides were as follows: NC siRNA:  G C A A G C 
U G A C C C U G A A G U U C; siNeuroD2:  G A A U C U C U U G U 
C U U A C G A U A U. These overexpression plasmids and oli-
gonucleotides were transfected into macrophages using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.

Dual-Luciferase reporter assay
The wild (wt) and mutant (mut) types in the PKD pro-
moter binding site were subcloned into psiCHECK-2 
plasmids (Promega, Madison, WI, USA) and co-trans-
fected with overexpression NeuroD2 plasmids (Promega) 
in macrophages using Lipofectamine 2000. After 48  h, 
the luciferase activity was measured using a dual-lucifer-
ase assay kit (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions.

Chromatin Immunoprecipitation
A Chromatin immunoprecipitation (ChIP) experiment 
was conducted using the SimpleChIP Mix (Cell Signaling 
Technology, Beverly, MA, USA) according to the manu-
facturer’s protocol. 6 × 106 cells were treated with 1% 
formaldehyde for 10 min. The cell lysate was then soni-
cated until the length of DNA remained between 200 and 
1000  bp. An equivalent chromatin volume was immu-
noprecipitated at 4 °C overnight with the antibody Neu-
rod2 (1:50, Biorbyt). Immune complexes were collected 
after incubating with Magnetic Beads Protein A/G. The 
immunoprecipitated DNA was isolated and examined 
by qPCR, and the primers were as follows: PKD prim-
ers: forward 5’- G C A C T G C T C T T C A C T G C T A T C A-3’; 
reverse 5’-  A A G T C A C C A A G A G G G A A C A C C − 3’.

Statistical analyses
All statistical analyses were performed using SPSS21.0 
(SPSS Inc., Chicago, IL, USA). Data were expressed as 
the mean ± standard deviation (sd). Differences between 
the two groups were compared using the student’s t-test. 
Differences among multiple groups were analyzed using 
one-way analysis with Tukey’s multiple comparisons test. 
A P-value < 0.05 was statistically significant.

Table 1 The sequences of primers used in this study
TNF-α-F GCACCACCATCAAGGACTCA
TNF-α-R CAGGGAAGAATCTGGAAAGGT
IL-6-F GGAGTGGCTAAGGACCAAGAC
IL-6-R GTGAGGAATGTCCACAAACTGA
IL-18-F TCAGTCTGGTCTGGGGTTCAC
IL-18-R TGGAGACCTGGAATCAGACAA
IL-1β-F CTCGTGCTGTCGGACCCAT
IL-1β-R ATTCTTTCCTTTGAGGCCCA
PKD-F AGGACCTATCCAGGACACCAT
PKD-R ACATTTACGCCCTCTCCTCAT
NLRP3-F GCACTGCTCTTCACTGCTATCA
NLRP3-R AAGTCACCAAGAGGGAACACC
Neurod2-F CCTGGTGATTTCTGGTGGCT
Neurod2-R TCTCCCAGCTCACTGGATGA
β-catin-F TGCTGTCCCTGTATGCCTCT
β-catin-R TTTGATGTCACGCACGATTT
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Results
Protein kinase D is upregulated in heart tissues of mice 
induced by doxorubicin
To assess cardiac function, transthoracic echocardiog-
raphy was performed, revealing enhanced LVEDd and 
LVESd alongside decreased LVFS and LVEF in the DOX 
group compared to normal mice, indicative of impaired 
cardiac function (Fig.  1a -1e). Histological examina-
tion via H&E staining revealed pronounced inflamma-
tory cell infiltration and cardiomyocyte necrosis in mice 
with myocarditis, while normal mice exhibited minimal 
inflammation. The pathological score for tissue from 
mice with myocarditis was also significantly higher 
(Fig.  1f ). And immunofluorescence staining assay sug-
gested that DOX administration effectively increased 

the protein expression of macrophages maker CD68 
in mice heart tissues compared with normal heart tis-
sues (Fig. 1g). Furthermore, levels of inflammatory cyto-
kines, including TNF-α, IL-6, IL-18, and IL-1β, were 
significantly elevated in heart tissue from the DOX group 
compared to the control group (Fig. 1h -1i). These find-
ings validate the successful establishment of the DOX-
induced myocarditis model. Given the known role of the 
NLRP3 inflammasome in inflammatory disorders as well 
as the effects of PKD on inflammasome formation and 
activation [8, 22], we assessed the tissue levels of PKD, 
NLRP3, phosphorylated p65 (p-p65), and p65, finding 
that PKD, NLRP3, p-p65, and p65 expressions were sig-
nificantly upregulated in the DOX group compared to 
the control group (Fig. 1j). These results substantiate high 

Fig. 1 Protein kinase D is highly expressed in the heart tissues of mice induced by doxorubicin. (A-E) On day 21 of doxorubicin (DOX) injection, echo-
cardiography was conducted to detect the cardiac function of mice. LVEDd (B), LVESd (C), LVFS (D), and LVEF (E) were measured. (F) Hematoxylin and 
Eosin (H&E) staining of pathological changes in heart tissues in each group. (G) Mice heart tissue were subjected to immunofluorescence staining for 
macrophage marker CD68. (H-I) The mRNA expressions and cytokine levels of TNF-α, IL-6, IL-18, and IL-1β in heart tissues were measured by quantitative 
real-time reverse transcription polymerase chain reaction (qPCR) and Enzyme-linked immunosorbent assay (ELISA), respectively. (J) PKD, phosphorylated 
p65 (p-p65), p65, and NLRP3 expression in macrophages from mice heart tissues was examined using qRT-PCR analysis and western blotting, respectively. 
Values were presented as the mean ± SD of triplicate experiments. Compared with the control group, *P < 0.05, **P < 0. 01, ***P < 0. 001
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cardiac tissue expression of PKD and inflammatory fac-
tors in mice induced by DOX.

Protein kinase D inhibitor CID755673 improves the 
inflammation and cardiac function in mice with 
myocarditis
To investigate the role of PKD in myocarditis, we treated 
mice with myocarditis by intraperitoneal injection of 
CID755673 (a PKD inhibitor). As expected, CID755673 
treatment significantly reduced PKD expression (Fig. 2a 
and 2b). Echocardiographic data demonstrated reduced 
LVEDd and LVESd and improved LVFS and LVEF in the 
inhibitor-treated group (Fig.  2c - 2g), indicating a sig-
nificant amelioration of cardiac dysfunction caused by 
DOX injection. Additionally, CID755673 intervention 
significantly decreased inflammatory cell infiltration 

and pathological scores (Fig. 2h), along with the protein 
expression of the macrophage marker CD68 in heart 
tissues (Fig.  2i). Furthermore, CID755673 treatment 
reversed the increased mRNA expressions of TNF-α, 
IL-6, IL-18, and IL-1β in myocarditis tissue (Fig.  2j), 
which was further confirmed by ELISA analysis (Fig. 2k). 
Considering the significance of the NLRP3/p65 path-
way in PKD-mediated inflammation [8], we detected 
the levels of NLRP3 and p-p65 in myocardial tissues 
treated with or without CID755673, it was observed 
that CID755673 effectively reduced NLRP3, p65, and 
p-p65 levels in myocardial tissues (Fig. 2l and 2m). These 
results collectively indicate that downregulating PKD can 
improve inflammation and cardiac function in mice with 
myocarditis.

Fig. 2 Protein kinase D inhibitor CID755673 improves inflammation and cardiac function in mice with myocarditis. (A-B) Mice with myocarditis treated 
with or without PKD inhibitor CID755673, the expression of PKD was detected by qPCR analysis and western blotting. (C-G) The cardiac function (C), 
LVEDd (D), LVESd (E), LVFS (F), and LVEF (G) were explored by echocardiography. (H) H&E staining for inflammatory cell infiltration in each group. (I) Im-
munofluorescence staining for the macrophage marker CD68 was performed on mouse heart tissue. (J-K) The levels of TNF-α, IL-6, IL-18, and IL-1β in mice 
heart tissues were measured by qPCR (J) and ELISA (K). (L) The protein levels of NLRP3, p65, and p-p65 in different groups. (M) The relative expression of 
NLRP3 was measured by qPCR analysis. Values were presented as the mean ± SD of triplicate experiments. Compared with DOX group, *P < 0.05, **P < 0. 
01, ***P < 0. 001
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Fig. 3 (See legend on next page.)
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Protein kinase D is involved in the doxorubicin-induced 
inflammatory activation of macrophages
Macrophages were isolated from the heart tissues 
of mice in four groups: control group, DOX group, 
DOX + DMSO group, and DOX + CID755673 group. 
Large numbers of macrophages were present in the 
F4/80 + stained cells from heart tissues across different 
groups (Fig.  3a). Notably, PKD mRNA expression was 
significantly elevated in the DOX group but reversed by 
CID755673 administration (Fig. 3b and 3c). Additionally, 
the TNF-α, IL-6, IL-18, and IL-1β levels were efficiently 
inhibited by CID755673 compared to DOX alone, as con-
firmed by both ELISA and qPCR analyses (Fig.  3d -3g). 
Furthermore, CID755673 significantly reduced the levels 
of NLRP3, p65, and p-p65 in macrophages compared to 
the DOX group (Fig.  3h -3i). Collectively, these results 
indicate the crucial role for PKD in macrophage inflam-
matory activation.

Functional interaction between neurogenic differentiation 
2 and protein kinase D
In silico analysis using the JASPAR database revealed 
putative binding sites between NeuroD2 and PKD 
(Fig  .  4a). Western blotting and qPCR confirmed ele-
vated NeuroD2 expression in both macrophages and tis-
sues induced by DOX (Fig.  4b-4c). Further experiments 
involved interfering with or overexpressing NeuroD2 
in macrophages isolated from normal heart tissues and 
treated with DOX. NeuroD2 knockdown significantly 
downregulated NeuroD2 expression compared to the 
control group, while the opposite findings were observed 
for NeuroD2 overexpression (Fig. 4d-4e). Moreover, PKD 
mRNA expression and protein levles in macrophages sig-
nificantly decreased with NeuroD2 knockdown but was 
restored with NeuroD2 overexpression (Fig.4f-4g). Sub-
sequently, we investigated the interaction between Neu-
roD2 and PKD, luciferase reporter assay revealed that 
NeuroD2 elevated the luciferase activity of the PKD pro-
moter WT in macrophages without affecting the MUT 
(Fig. 4h), suggesting the combination between NeuroD2 
and PKD, which was further confirmed through a chro-
matin immunoprecipitation (ChIP) experiment (Fig. 4i). 
These results suggest that PKD is a functional target of 
NeuroD2.

The overexpression of protein kinase D can reverse the 
impact of neurogenic differentiation 2 on doxorubicin-
induced inflammatory activation of macrophages
A PKD overexpression plasmid was constructed to fur-
ther confirm the role of NeuroD2 in macrophage inflam-
matory activation. Compared to the DOX alone group, 
the mRNA expressions of PKD and NLRP3 decreased 
after NeuroD2 interference, which was reversed by PKD 
overexpression (Fig. 5a and 5b). Similarly, NeuroD2 inhi-
bition significantly reduced PKD, p-p65, p65, and NLRP3 
protein levels in the DOX alone group, but PKD overex-
pression reversed these effects (Fig. 5c). Additionally, the 
levels of TNF-α, IL-6, IL-18, and IL-1β were significantly 
reduced by NeuroD2 downregulation compared to the 
DOX alone group, and these trends were reversed after 
PKD upregulation (Fig. 5d -5g). In summary, these results 
indicate that the effects of NeuroD2 on DOX-induced 
macrophage inflammatory activation can be reversed by 
overexpressing PKD.

Discussion
Myocarditis poses a significant challenge due to the 
absence of effective treatment options in current prac-
tice, highlighting the need for innovative approaches in 
cardiovascular medicine [23, 24]. Previous studies have 
emphasized the pivotal role of excessive macrophage 
activation-driven inflammation in the pathogenesis of 
myocarditis [25]. Notably, macrophages are the pre-
dominant cardiac inflammatory cell subset during the 
early stages of CVB3-induced viral myocarditis, as doc-
umented by Fairweather et al. [26]. Epelman et al. have 
also elucidated the critical role of macrophages in initi-
ating, amplifying, and sustaining inflammation [27]. In 
this context, our study utilized a DOX-induced mouse 
model to investigate the influence of PKD and NeuroD2 
on macrophage inflammatory activation in myocarditis.

Clinically, myocarditis can be caused by a diverse range 
of infectious agents, such as viruses, bacteria, chlamydia, 
rickettsia, fungi, and protozoa, along with toxic and aller-
gic reactions. Among these infectious agents, viruses 
are the most commonly reported to be associated with 
myocarditis [28, 29]. Following infection, changes in the 
quantity and function of macrophages are commonly 
observed in patients with both acute and chronic myocar-
ditis [29]. Moreover, inflammatory markers such as inter 
leukin 6, 8, and 10 are found significantly elevated [30], 
and inflammatory cellular infiltrates can be observed in 

(See figure on previous page.)
Fig. 3 Protein kinase D is involved in the DOX-induced inflammatory activation of macrophages. Macrophages were isolated from the heart tissues of 
mice in different groups. (A) The purity of macrophages was determined by a FACSAria II flow cytometer. (B-C) The mRNA expressions and protein levels 
of PKD were detected using qPCR analysis and western blotting. (D-G) qPCR and ELISA assay were carried out to measure the levels of TNF-α, IL-6, IL-18, 
and IL-1β in macrophages. (H) The protein levels of NLRP3, p-p65, and 65 in each group. (I) The expression of NLRP3 was analyzed in macrophage using 
qPCR analysis. Values were presented as the mean ± SD of triplicate experiments. Compared with the control group, *P < 0.05, **P < 0. 01, ***P < 0. 001; 
Compared with DOX + DMSO group, #P < 0.05, ##P < 0. 01, ###P < 0. 001
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heart tissue section stained using conventional methods 
[31]. DOX is a potent and commonly utilized anticancer 
medication. However, the clinical utilization of DOX is 
constrained due to its severe cardiotoxicity and cardiac 
injury, typically myocarditis [32]. In this research, we 
constructed myocarditis mouse model by intraperitoneal 
injection of DOX, it was found that the introduction of 
DOX significantly elevated the levels of inflammatory 
cytokines including IL-6, IL-18 and IL-1βin mice heart 
tissues. And similar results were observed in macro-
phages isolated from mice heart tissues, suggesting that 
DOX treatment may trigger macrophages inflammatory 
activation. Moreover, H&E staining indicated an obvious 
inflammatory cell infiltration in heart tissues harvested 
from DOX group, which is in consistent with the patho-
logical conditions in clinical virus-induced myocarditis.

PKD plays a multifaceted role in various biological pro-
cesses, including angiogenesis, heart contraction, cell 
differentiation, apoptosis, immunomodulation, and can-
cer [33–35]. Studies have reported PKD’s involvement 
in cardiomyocyte hypertrophy through regulating extra-
cellular signal-regulated and myocyte enhancer factor 
2D pathways [36]. Additionally, another study suggested 
that PKD has been implicated in stress signaling modu-
lation within the heart, affecting gene expression, cell 
survival, excitation-contraction coupling, and metabo-
lism [37]. Our research revealed significant upregulation 
of PKD in cardiac-infiltrating macrophages, and PKD 
inhibition was associated with enhanced cardiac func-
tion, reduced pathological conditions, and decreased 
levels of inflammatory cytokines in mice with myocar-
ditis. These findings suggest a potential role for PKD in 

Fig. 4 Functional interaction between Neurogenic Differentiation 2 and protein kinase D. Macrophages were isolated from normal tissues and treated 
with 1µmol/L DOX for 12 h. (A) The binding site of PKD and Neurod2 was predicted by the JASPAR database. (B-C) qPCR analysis and western blotting 
were performed to detect the expression of Neurod2 in macrophages and tissues induced by DOX. (D-E) Macrophages isolated from the heart of normal 
mice were co-transfected with Neurod2 overexpression plasmid, and siNeurod2. qPCR and western blotting were performed to test the expression of 
Neurod2 mRNA and protein, respectively. (F-G) The levels of PKD in each group were explored by qPCR and western blotting. (H-I) The binding ability 
between PKD and Neurod2 was confirmed by dual-luciferase reporter assay (H) and CHIP assay (I). Values were presented as the mean ± SD of triplicate 
experiments. Compared with the control group or si-NC group, *P < 0.05, **P < 0. 01, ***P < 0. 001; Compared with the pc-NC group, #P < 0.05, ##P < 0. 01, 
###P < 0. 001
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macrophage-mediated inflammation during the myocar-
ditis process.

The JASPAR database predicted a potential interaction 
between NeuroD2 and PKD. Subsequent experiments 
in our study confirmed this prediction by demonstrat-
ing the direct binding of NeuroD2 to the PKD promoter, 
thereby regulating PKD expression. NeuroD2, a neuro-
genic transcription factor, have associated with multiple 
diseases, including its involvement in the regulation of 
inflammation and oxidative stress [21]. However, studies 
investigating the role of NeuroD2 in myocarditis are lim-
ited. Our study observed elevated NeuroD2 expression 
in both macrophages and myocardial tissues induced 
by DOX. And addition of NeuroD2 knockdown signifi-
cantly reduced the PKD mRNA expression and protein 
levles in macrophages, while these levels were restored 
with NeuroD2 overexpression.We further confirmed the 

interaction between NeuroD2 and the PKD promoter 
through luciferase activity assays and ChIP experiments. 
Overexpression of PKD reversed the impact of NeuroD2 
on inflammatory cytokine levels to some extent.

Inflammasomes serve as pattern recognition receptors 
that are crucial for host defense and sterile inflammatory 
disorders. It is now understood that the NLRP3 inflam-
masome can be activated by a wide range of pathogen-
associated molecular patterns (PAMPs) and endogenous 
danger-associated molecular patterns (DAMPs) [38, 
39]. Previous studies have implicated PKD in inflamma-
some activation and development [8], including its role 
in the phosphorylation and release of NLRP3 from Golgi 
membranes, facilitating the assembly of active inflamma-
some complexes. Inhibition of PKD was shown to retain 
NLRP3 at Golgi membranes, preventing inflammasome 
assembly [40]. Our study revealed a significant increase 

Fig. 5 The overexpression of Protein kinase D can reverse the impact of neurogenic differentiation 2 on doxorubicin-induced inflammatory activation 
of macrophages. Macrophages isolated from normal tissue and treated with 1µmol/L DOX for 12 h. (A-B) Macrophages were co-transfected with PKD 
overexpression plasmid and si-Neurod2. qPCR was used to test the mRNA expressions of PKD and NLRP3. (C) The protein levels of PKD, p-p65, p65, and 
NLRP3 were detected. (D-G) The levels of TNF-α, IL-6, IL-18, and IL-1β in each group were measured by qPCR and ELISA. Values were presented as the 
mean ± SD of triplicate experiments. Compared with the DOX group, *P < 0.05, **P < 0. 01, ***P < 0. 001; Compared with DOX + pc-PKD group, #P < 0.05, 
##P < 0. 01, ###P < 0. 001
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in NLRP3 levels in both DOX-induced mice tissues and 
macrophages, and PKD inhibitor CID755673 treatment 
effectively restrained the NLRP3 elevation, indicating 
the involvement of PKD in NLRP3 inflammasome acti-
vation, which was further supported by the increased 
release of IL-1βand IL-18. NF-κB is a nuclear transcrip-
tion factor critical for various physiological reactions, 
particularly those related to inflammatory responses [41]. 
It serves as a signal for the transcriptional activation of 
NLRP3 inflammasome components [42], especially in 
response to oxidative stress [43]. And our results also 
revealed that DOX injections upregulated the levels of 
phosphorylated p65, TNF-α and IL-6, which were also 
reversed by CID755673 addition. These results establish 
PKD as a crucial regulator in triggering inflammatory 
responses. Moreover, the interaction between NeuroD2 
and the PKD promoter amplified the NLRP3/NF-κB sig-
naling pathway, exacerbating macrophage inflammation 

and finally contributing to the progression of myocarditis 
(Fig. 6).

However, there are still some limitations to our study. 
First, the limited number of mice utilized in each group 
may potentially impact the results, In future research, 
we plan to increase the number of subjects per group to 
enhance statistical power and ensure more robust find-
ings. Second, another limitation of our study is the lack 
of validation using clinical samples. it is crucial to incor-
porate clinical sample analysis to validate our findings in 
future studies. Third, in this research, we investigated the 
role of the NeuroD2/PKD axis in DOX-induced myocar-
ditis. For further studies, other types of animal models, 
such as those for viral myocarditis, can be developed to 
expand our investigation.

Fig. 6 PKD-mediated macrophage inflammasome activation in heart tissue. The combination of NeuroD2 and PKD promoter could enhance NLRP3/
NF-κB signaling,
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Conclusions
Our findings highlight the upregulation of both Neu-
roD2 and PKD in myocarditis. Inhibition of PKD led to 
improvements in pathological status and cardiac func-
tion in the DOX-induced mouse model. Furthermore, 
NeuroD2 functionally targeted PKD, enhancing the 
NLRP3/NF-κB signaling pathway and promoting macro-
phage inflammation, ultimately exacerbating myocarditis 
progression. These results suggest that targeting the Neu-
roD2/PKD axis may hold promise as a potential thera-
peutic approach against DOX-induced myocarditis.
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