
Heart Surgery Forum 2024; 27(3): E252–E263
doi: 10.59958/hsf.7149

https://journal.hsforum.com/

© 2024 Forum Multimedia Publishing, LLC. E252
Publisher’s Note: Forum Multimedia Publishing stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Article

Danshen and Zhizi Compatibility Alleviates Heart Injury and Cardiac
Ferroptosis in Myocardial Infarction in Rats by Cyclic Adenosine
Monophosphate/Protein Kinase A Signaling
Jianqiao Zhao1, Yifan Li1, Hao Zhi1, Wanying Hong1, Jianping Shen1,*
1Department of Cardiology, Affiliated Hospital of Integrated Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine,
210028 Nanjing, Jiangsu, China
*Correspondence: shenjp@jsatcm.com (Jianping Shen)
Submitted: 19 December 2023 Revised: 31 January 2024 Accepted: 19 February 2024 Published: 17 March 2024

Abstract

Objective: To investigate the effect and mechanism of the
Danshen and Zhizi Compatibility (DZ) on alleviating heart
injury and cardiac ferroptosis in rats with myocardial in-
farction. Methods: A rat model of myocardial infarction
was established by ligation of the left anterior descending
artery. The rats were equally and randomly divided into
5 groups. The sham group underwent open-chest surgery
without arterial ligation, while the other 4 groups under-
went surgery, including 3 groups treated with low dose (4
g/kg/d), high dose (8 g/kg/d) DZ and high dose (8 g/kg/d)
DZ supplemented with H-89 (0.5 mg/kg/d) respectively.
The sham and myocardial infarction group received the
same volume of saline. 14 days after surgery, the serum
and heart tissues were harvested to detect cyclic adenosine
monophosphate (cAMP) and protein kinase A (PKA) ac-
tivity, heart injury and the level of ferroptosis. Results:
G-protein coupled receptors (GPCRs) have a high binding
affinity with the main components of DZ, which indicated
that DZ probably contributed to ameliorating cardiac injury
by activating downstream cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) signaling. Treatment with
the high dose of DZ significantly increased cAMP con-
centration in the serum, PKA activity in the heart tissue
and upregulated perilipin (PLIN)5 expression. DZ signif-
icantly attenuated heart injury, whereas H-89 reversed the
protective effects of DZ. In addition, DZ administration in-
hibited ferroptosis as evidenced by reduced malondialde-
hyde (MDA), and 4-hydroxynonenal (4-HNE) levels. In
addition, DZ increased glutathione (GSH) levels and Glu-
tathione peroxidase (GPX)4 protein expression in heart tis-
sue, whereas H-89 abrogated the regulatory effect of DZ.
Conclusion: Our results demonstrated that DZ alleviated
heart injury and cardiac ferroptosis in myocardial infarction
through the cAMP-PKA signalling pathway.
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Introduction

Ischemic heart disease is the leading cause of disabil-
ity and death worldwide threatening the physical health of
human beings [1]. Cardiac ischemia can induce the death
of cardiomyocytes. The damaged cardiac tissue is immedi-
ately replaced by fibrotic scar tissue thus eventually lead-
ing to heart failure [2]. Cyclic adenosine monophosphate
(cAMP) was implicated as a secondary messenger that reg-
ulates cell growth and survival. In the heart, elevated cAMP
signalled to protein kinase A (PKA), is the major down-
stream effector of cAMP to phosphorylate multiple sub-
strates responsible for cardiac function [3]. In Langendorff-
perfused hearts, adrenaline administration limited infarct
size by activating the cAMP/PKA signaling pathway and
facilitating mitochondrial KCa channels [4]. The adenosine
A2a receptor was triggered to activate the cAMP-PKA sig-
naling pathway to limit fibrotic scar after myocardial infarc-
tion (MI) [5]. The cAMP-PKA signaling pathway was trig-
gered by numerous G-protein coupled receptors (GPCRs).
For instance, overexpression of prostaglandin E isoform
4 improved cardiac function post-MI by increasing cAMP
concentration [6]. In addition, β-adrenergic response was
blunted to suppress inotropy [7]. Infarct size is reported to
be limited by sitagliptin, pioglitazone, and simvastatin (a
member of the statin family) by the cAMP/PKA pathway
[8,9]. Many chemical compounds targeted the GPCR and
thus transmitted the signaling through cAMP-PKApathway
as second messengers to protect the heart from injury.

In the theory of traditional Chinese medicine, Chi-
nese herb pairs means two or more herbs based on clini-
cal syndromes and herbs features can utilize their advan-
tages to facilitate a pesticide effect. Herb-herb interaction
can be complicated when the herbs are boiled for a long
time [10]. It is crucial to comprehend the compatibility
of medicine in curing diseases. The Danshen-Zhizi pair,
the classic compatibility pair of Radix Salviae and Gar-
deniae Fructus in English, is widely used in the treatment
of cardiovascular diseases. Numerous studies showed that
Danshen worked to promote blood circulation and nour-
ish cardiomyocytes. Studies indicated that Danshen exhib-
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ited anti-inflammatory, antioxidant, and cardioprotective
effects [11]. Danshen was found to suppress inflammatory
injury in response to acute myocardial infarction-induced
heart failure [12]. Zhizi also has anti-inflammatory and an-
tioxidant effects on the myocardium. Geniposide, which is
an important ingredient in Zhizi, suppressed thermogene-
sis via regulation of the PKA catalytic subunit [13]. How-
ever, the research based upon the integrative pair function
in cardiac ischemia and whether it works through the PKA
pathway, requires further experimental verification.

Ferroptosis is a unique iron-dependent form of non-
apoptotic regulated cell death characterized by peroxida-
tion of phospholipids with poly-unsaturated fatty acyl tail
[14,15]. Intracellular excessive iron accumulation led to
overproduction of reactive oxygen species with decreas-
ing capacity for scavenging free radicals. Reactive oxygen
species was able to alter membrane lipid peroxidation lead-
ing to disruption and cell death. In recent years, ferropto-
sis was recognized as a specific target for treating ischemic
heart disease and is believed to be pay an important role in
myocardial infarction [16]. Recent studies suggest that the
presence of residual myocardial iron in patients with ST-
segment elevation MI may contribute to adverse left ven-
tricular remodelling after an MI [17]. Blocking iron over-
load using ferroptosis inhibitors may reduce lipid peroxi-
dation and attenuate post-MI cardiac injury [18]. Reactive
oxygen species (ROS), which play a key role in triggering
ferroptosis, tend to increase post-MI injury due to compro-
mized mitochondrial function [19]. Glutathione peroxidase
(GPX)4 is a critical antioxidant enzyme that can signifi-
cantly attenuate MI-induced ferroptosis. HIP-55 has been
reported to play a role in alleviating MI-induced ferropto-
sis by targeting this enzyme [20]. In addition, our previous
studies have shown that salvianolic acid B and geneposide
conferred resistance against ferroptosis of cardiac heart tis-
sue by activating the GRSF1/GPX4 and NRF2 pathways
[21,22]. Since the components from drug pair shows resis-
tance to ferroptosis and the compatibility triggers GPCR,
we assumed that Danshen and Zhizi Compatibility (DZ)
protected cardiomyocytes frommyocardial infarction by in-
hibition of cardiac ferroptosis and activation of the cAMP-
PKA signaling pathway.

Materials and Methods

Materials

We weighed 150 g Zhizi and 300 g Danshen (from
Pharmacy of Jiangsu Province Hospital on Integration of
Chinese and Western Medicine), added 200 mL water,
soaked for 60 minutes, then boiled with high heat followed
by using gentle heat to keep slightly boiling for 30 minutes.
After using 4 layers of gauze to filter, 150 mL of water was
added to the reside and repeated twice for 20 minutes each,

followed by combining the filtrate to centrifuge to obtain
the supernatant fixed to 500 mL, which is equivalent to 0.9
g/mL of Chinese herbal decoction.

Establishement of the Rat Myocardial Infarction Model

Sprague-Dawley rats scheduled for ligation of the left
anterior descending artery were fasted for 12 hours prior
to surgery without food or water. An intraperitoneal injec-
tion of 0.2% pentobarbital sodium (144-02-5, Shixing In-
dustry, Wuhan, Hubei, China) at a dose of 30 mg/kg body
weight was administered for anaesthesia. After anaesthe-
sia, an endotracheal tube connected to a mechanical venti-
lator was inserted into the rat’s trachea to assist breathing.
The ventilator parameters are set to provide an appropriate
tidal volume and respiratory rate for the size of the rat, typi-
cally around 10mL/kg for the tidal volume and a respiratory
rate to meet the metabolic needs of the animal, which is 70
breaths per minute.

Following aseptic skin preparation, the pectoral mus-
cle is incised along the left third and fourth intercostal
spaces, with anatomical dissection in successive layers ex-
posing the thoracic cavity. The pericardium is opened be-
low the junction of the pulmonary conus and the left atrial
appendage, and the left atrial appendage is retracted with
forceps, revealing a pinkish vessel identified as the left an-
terior descending artery (LAD). Using a 5-0 prolene suture
with a needle, the LAD is ligated under the left atrial ap-
pendage with minimal myocardial penetration; the depth of
penetration is approximately 1 mm, with the needle entry
and exit points approximately 2 mm apart. After the chest
cavity has been drained of fluids and residual gases expelled
by compression, the muscle and skin are sutured in layers.
After disinfection of the wound site, the rat is placed on a
heated blanket at a constant temperature (37 °C).

After surgery, the rat is given an intramuscular in-
jection of penicillin (040102659, Hongbaoshou Industry,
Ruicheng, Shanxi, China) at a dose of 100,000 units, and
this antibiotic treatment is continued for three consecutive
days to prevent infection.

Animal Experiments

All animal experiments obeyed the National Institutes
of Health’s Guide for the Care of Laboratory Animals. The
use of Laboratory Animals was approved by the Ethics
Committee of Jiangsu Province Academia (NO. AEWC-
20181205-65). 25 male Sprague–Dawley rats weighing
250 g to 300 g were randomly and equally divided into 5
group: the sham group (sham, n = 5), the model group (MI,
n = 5), the low concentration compatibility group (MI +DZ-
L, n =5), the high concentration compatibility group (MI
+ DZ-H, n = 5), the high concentration compatibility plus
H-89 (PKA inhibitor, MCE, China) group (MI + DZ-H +
H-89, n = 5). After anesthetization by injection of 0.2%
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pentobarbital (30 mg/kg), rats in the latter 4 groups were
subjected to the LAD ligation, while the rats in the sham
group were treated with an open chest without arterial lig-
ation. The low concentration compatibility rats were given
decoction (4 g/kg/d) via intragastric administration. The
high concentration compatibility rats were given decoction
(8 g/kg/d) via intragastric administration. The high concen-
tration compatibility plus H-89 rats were given decoction (8
g/kg/d) via intragastric administration and intraperitoneally
injected with H-89 (0.5 mg/kg/d). 14 days after surgery, the
rats were sacrificed for sampling. All treatments were ad-
ministered 7 days prior to surgery until sacrifice except the
2 days after operation.

HE and Masson Staining

After the rats were sacrificed, the heart samples were
harvested and fixed in formalin for 48 h. Then the samples
were embedded in paraffin and sliced into pieces (7 µm).
The slices were transferred to the glass slides and stained
with eosin & hematoxylin (HE) and Masson’s trichrome.
All sections were observed and analyzed under the micro-
scope.

cAMP Measurement

After perfusion by phosphate buffered saline (PBS) to
eliminate remaining blood in the tissue, the heart was cut
into pieces followed by the addition of PBS in the ratio of
1:9 (m/v). The lysates were centrifuged at 5000 g for 5 min-
utes after grinding. cAMP concentration in the supernatant
was measured according to the instructions of the cAMP
Elisa kit (JL10117, JiangLai Industrial, Shanghai, China).
Protein concentrations of all samples were tested and the
amount of cAMPwas reported as ng/mg protein in the heart
tissue.

Western Blot

All heart samples here lysated as homogenates for im-
munoblotting using RIPA (P0013B, Beyotime, Shanghai,
China) supplemented with 1% phenylmethanesulfonylflu-
oride (PMSF). After separation in 12% Sodium Dodecyl
Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
gels, the proteins were transferred to polyvinylidene flu-
oride (PVDF) membranes. The non-fat milk dissolved
in TBST was utilized for unspecific binding with anti-
body. After washing with TBST buffer (G0004, Servicebio,
Wuhan, Hubei, China) for 3 times, the membranes were in-
cubated with primary antibody of GPX4 (T56959S, 1:500,
Abmart, Shanghai, China), PLIN5 (1:1000, A20418, Ab-
clonal, Wuhan, Hubei, China), phospho-PKA (1:500, HY-
P80847, MCE, Shanghai, China) and PKA (1:500, HY-
P80428,MCE, Shanghai, China) followed by secondary an-
tibodies (1:5000, AS014, Abclonal, Wuhan, Hubei, China).
GAPDH (1:5000, AC002, Abclonal, Wuhan, Hubei, China)
was used as the internal reference. The images of

blots were developed by enhanced chemi-luminescence de-
tection reagents (FD8020, FDBio, Hangzhou, Zhejiang,
China).

Immunohistochemistry and Immunofluorescence Analysis

The sections were cut to a thickness of 7 µm, followed
by deparaffinization through xylene (10023418, China Na-
tional Pharmaceutical Group Chemical Reagents Co., Ltd,
Shanghai, China), then various concentrations of alcohol,
and finally rinsed in water. To rejuvenate antigenicity, the
heart tissue sections were subjected to a high microwave
temperature for 15 minutes, followed by rinsing in phos-
phate buffered saline (PBS). Endogenous peroxidase was
inhibited with a 3% hydrogen peroxide (AR1108, Boster,
Wuhan, Hubei, China) solution to eliminate it from further
possible effects in immunohistochemistry.

The next step involved placing sections in a wet
box and titrating with primary antibodies including anti-
phospho-PKA, anti-GPX4 and anti-perilipin (PLIN)5. An
overnight incubation at 4 °C solidified the antibody-tissue
binding. The following day, sections were extracted and
rinsed in PBS. Horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:100, AS014, Abclonal, Wuhan,
Hubei, China) were then applied. After a further rinsing
cycle, 3,3′-Diaminobenzidine (DAB) (G1212 Servicebio,
Wuhan, Hubei, China) chromogenic solution was added
for immunohistochemical staining, which revealed positive
protein expression as a brownish-yellow colour under light
microscopy.

In parallel, with immunofluorescence staining, sec-
tions were marinated in a Abflor® 594-conjugated sec-
ondary antibody (1:100, AS039, Abclonal, Wuhan, Hubei,
China) for 1 hour, then rinsed with PBS and finally stained
with DAPI (BL105A, Biosharp, Hefei, Anhui, China) for 5
minutes. The resulting fluorescence intensity was visually
examined using a fluorescence microscope to demonstrate
protein localization.

MDA, GSH Measurement

The level of lipid peroxidation of the heart was demon-
strated by measuring malondialdehyde (MDA) levels using
a commercial MDA assay kit (1:100, RK05818, Abclonal,
Wuhan, Hubei, China) following the manufacturer’s in-
structions. The absorbance was at 532 nm to determine the
concentration of MDA according to standard curves. Glu-
tathione (GSH) activity was tested by commercial GSH as-
say kits (A006-2-1, Nanjing Jiangcheng , Nanjing, Jiangsu,
China) according to the manufacturer’s instructions. The
optical density was measured with a microplate reader at a
wavelength of 405 nm.
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4-HNE Measurement

The blood was extracted from the aorta of rats and
then centrifuged at 3000 rpm for 10 minutes. The resulting
supernatant was collected and analyzed using an enzyme-
linked immunosorbent assay with a 4-hydroxynonenal (4-
HNE) rat Elisa kit (H268-1-2 Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, Jiangsu, China) following the
manufacture’s instruction.

LDH, CK-MB Measurement

The blood of the rats was drawn from the aorta fol-
lowed by separation at 3000 g for 10 minutes. The upper
serum was collected into a new Eppendorf Pipe (EP) tube.
The contents of dehydrogenase (LDH) and creatine kinase-
MB (CK-MB) were analyzed by an automatic biochemi-
cal analyzer (Chemray 800, Rayto, Shenzhen, Guangdong,
China).

Ferrous Iron Concentration Measuremets

Myocardial tissue from each rat, weighing 100 mg,
was homogenized using a homogenization reagent accord-
ing to the instructions provided in the commercial kit (E-
BC-K773-M, Elabscience, Wuhan, Hubei, China). After
thorough homogenization, a color developing solution was
added and the mixture was incubated at 37 °C in an incu-
bator for 30 minutes. The optical density (OD) values of
each well were then measured at 590 nm using an ELISA
reader (1410101, Multiscan FC, Thermofisher, Waltham,
Massachusetts, USA). The concentration of ferrous ions
was determined using a standard curve.

Molecule Docking

Molecule docking was conducted using the program
Autodock Vina. The chemical components of the decoc-
tion were analyzed by mass spectrum. Salvianolic acid B,
geniposide, Tanshinone Ⅱ and quercetin were chosen asma-
jor effective ingredients as they were widely studied and
retrieved from the TCMSP websites. The complex crys-
tal structure of ADORA1 (PDB code: 5n2s), ADORA2A
(PDB code: 2ydo), ADORA2B (PDB code: 8hdo), ADRB1
(PDB code: 5f8u), ADRB2 (PDB code: 3ny8), ADRB3
(PDB code: 7xji), EP3 (PDB code: 6ak3) and EP4 (PDB
code: 5ywy) were used as receptors. After removing H2O,
S, Cl and the ligand from the default structure in Pymol,
both receptors and ligands were prepared by AutoDock
Tools (v1.5.7 The Scripps Research Institute, La Jolla, Cali-
fornia, USA). After setting the grid box wrapping the whole
structures, the vina program was launched to presume the
binding sites and binding energy [23].

Statistical Analysis

The statistical analysis was performed with GraphPad
Prism 8.0 software (GraphPad Software, Inc., San Diego,
CA, USA) and Microsoft Excel. All of the quantitative
results were expressed as mean ± SD. The difference be-
tween two groups was demonstrated by student-t test, and
data among multiple groups was compared using one-way
analysis of variance (ANOVA). For further comparison be-
tween each group, post-hoc Tukey’s multiple comparisons
test was performed. p < 0.05 was considered statistically
significant.

Results

Molecule Docking in DZ Major Chemical Components
with GPCRs

Previous network pharmacology results showed that
the effective major components of Danshen targeted genes
enriched the cAMP signaling pathway [24] and Zhizi shared
abundant targets with cardiovascular diseases [25]. There
were 360 chemical components differentiated from the DZ
decoction by HPLC/MS. Among them, the mass spec-
trum of salvianolic acid B, geneposide, tanshinone ⅡA and
quercetin are shown in Fig. 1a. Before ensuring that the
compatibility protected the heart from ischemia through the
cAMP-PKA pathway, 4 main ingredients and 8 GPCRs
were selected to perform the molecular docking to observe
whether there was a proper docking between the main in-
gredients of DZ and the GPCR which can trigger the PKA
downstream signals. A binding free energy lower than –1.2
kCal/mol was considered to be a stable molecule binding to
the protein. The results showed that the components of DZ
might have a tight junction (Fig. 1b) with GPCRs and in-
dicated DZ might trigger cAMP-PKA signalling to confer
cardioprotection.

DZ Activated cAMP-PKA Pathway

In order to ascertain whether DZ can prompt the acti-
vation of cAMP-PKA signaling, we evaluated cAMP con-
centrations within the rat serum. We found no evidence of
impaired cAMP levels in the serum of MI rats. However,
the increase of cAMP concentration following DZ admin-
istration was significant (Fig. 2a).

The presence and phosphorylated state of PKA (p-
PKA) were examined by Western blotting. The findings
revealed a marked reduction of p-PKA in MI rats, whereas
DZ treatment led to an increase in the protein level of p-
PKA (Fig. 2b–d). A similar tendency in p-PKA expres-
sion was also observed in the immunohistochemistry assays
(Fig. 2e).
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Fig. 1. Molecule docking between DZ components and GPCRs. (a) The primary conponents from DZ aligned by HPLC. (b) The
lowest binding free energy predicted by docking between GPCRs and chemical components from DZ. (SAL B, Salvianolic acid B; GEN,
Geniposide; TAN ⅡA, Tanshinone ⅡA; QUE, quercetin; DZ, Danshen and Zhizi Compatibility; GPCRs, Gprotein coupled receptors.)
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Fig. 2. DZ activated cAMP-PKA signaling of rats after myocardial infarction. (a) Serum concentration levels of cAMP in rats. (b–d)
The relative expression of phospho-PKA examined by immunoblotting. (e) Phospho-PKA expression in rat heart section observed by
immunohistochemistry. (n = 5; ap < 0.05 vs. Sham; bp < 0.05 vs. MI). cAMP, cyclic adenosine monophosphate; PKA, protein kinase
A.
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Fig. 3. DZ upregulates PLIN5 expression. (a,b) PLIN5 expression in heart tissue of rats examined by immunoblotting (n = 5) and (c,d)
by immunofluorescence. (n = 3) (ap < 0.05, aaap < 0.001 vs. Sham; bp < 0.05, bbp < 0.01 vs. MI). PLIN, perilipin.

DZ Upregulated PLIN5 Protein Expression

Recent studies suggest that perilipin (PLIN)5, a lipid
droplet-associated protein, is intimately involved in the de-
velopment of ferroptosis [26] and the attenuation of my-
ocardial injury after myocardial infarction [27]. PLIN5
also serves as a switch for PKA activation [28]. We there-
fore investigated whether PLIN5 expression is regulated
by DZ. We found that myocardial infarction induced a de-
crease in PLIN5 expression, an effect that was reversed
by DZ administration (Fig. 3a,b). This expression pattern
was consistently depicted by immunofluorescence staining
(Fig. 3c,d). These results suggest that DZ increases the
abundance of PLIN5, potentially enabling it to prevent fer-
roptosis in the context of myocardial infarction.

DZ Alleviated Cardiac Injury after Myocardial Infarction
through Activating PKA

To investigate the therapeutic role of DZ in rats with
an MI and whether it occurred through the cAMP-PKA
pathway, hearts were harvested to observe morphological
changes. As expected, MI rats showed an obvious infarct
area on the anterior wall of the heart compared to the sham
group. In the DZ treatment group, the infarct size was re-

duced in both the high and low dose groups. However, the
supply of H-89 diminished the effect of high dose of DZ
from limiting the infarct size (Fig. 4a). Cardiomyocytes
from the sham rat group showed normal cellular structure
when tissue sections were stained with HE. However, irreg-
ularly arranged myocardial cells, hyperplastic fibrous con-
nective tissue and fibrous connective tissue and infiltration
of immune cells were detected in the heart tissues ofMI rats.
Additionally, DZ treatment improved cell arrangement and
a weaker inflammatory response in cardiomyocytes after
HE staining. There was an augmentation of myocardial fi-
brosis on Masson staining in MI rats. As a result of DZ
treatment, myocardial fibrosis and cardiac remodeling were
markedly diminished. They were all inhibited by the addi-
tion of H-89 (Fig. 4b). CK-MB and LDH serum levels are
indications of cardiac damage. MI rats showed higher lev-
els of these myocardial enzymes which could be reduced by
DZ treatment. Similar results also showed H-89 prevented
the reduction in levels of DZ (Fig. 4c,d).

DZ Repressed Myocardial Ischemia Ferroptosis Mediated
by cAMP-PKA Signaling

Ferroptosis has been reported to play a critical role in
MI [16]. Previously, we have shown that cardiac damage
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Fig. 4. DZ alleviated cardiac injury post myocardial infarction. (a) The representative heart images 14 days after the operation. (b)
HE staining of cardiomyocyte injury as well as immune infiltration and masson staining of myocardial fibrosis in rat heart sections. (c,d)
Serum levels of CK-MB, LDH from rats. (n = 5; Scale bar = 2 mm, aaap < 0.001 vs. Sham; bp < 0.05, bbp < 0.01, bbbp < 0.001 vs. MI,
cp < 0.05 vs. MI + DZ-H). LDH, lactate dehydrogenase; CK-MB, creatine kinase-MB; MI, myocardial infarction.

induced by iron overload and lipid peroxidation can be at-
tenuated and reversed by salvianolic acid B and geniposide,
the main active components of DZ therapy [21,22]. We ex-
amined MDA, GSH, 4-HNE and the ferroptosis marker to
evaluate whether DZ can attenuate myocardial infarction
induced ferroptosis. First, GSH, MDA and 4-HNE were
measured to assess the capacity of clearance of radicals and
lipid peroxidation; both of which are known triggers of fer-
roptosis [15,29]. Our results indicated that DZ can signifi-
cantly reduce the MDA and 4-HNE levels and reversed the
decrease in GSH levels of MI in rats, effects that were abol-
ished by H-89 (Fig. 5a–c). Iron contents were found to ac-
cumulate at higher concentration in MI rats compared to

controls, however, high dose of DZ treatment reduced fer-
rous ion concentration and this effect was abolishedwith the
addition of H-89 (Fig. 5d). GPX4 is a recognized marker
for ferroptosis. We observed a decreased protein level of
GPX4 inMI rats compared to controls. Notably, the change
in GPX4 expression was significantly upregulated by DZ
treatment, a reduction that was negated by H-89 (Fig. 5e,f).
In addition, GPX4 showed a similar tendency observed by
immunohistochemistry assay (Fig. 5g). Overall, these data
suggest that DZ may interfere with ischemia-induced my-
ocardial ferroptosis through the cAMP-PKA pathway.
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Fig. 5. DZ inhibited myocardial infarction induced ferroptosis. (a,b) GSH and MDA concentration from rat heart tissues. (c) 4-HNE
level of the serum from rats. (d) Ferrous ion concentration from heart tissues of rats. (e,f) Protein expression of GPX4 in rat heart
samples examined by western blotting. (g) GPX4 expression in rat heart section observed by immunohistochemistry. (n = 5; ap < 0.05,
aaap < 0.001 vs. Sham; bp < 0.05, bbp < 0.01, bbbp < 0.001 vs. MI; cp < 0.05, cccp < 0.001 vs. MI + DZ-H). GSH, Glutathione; MDA,
Malondialdehyde; 4-HNE, 4-Hydroxynonenal; GPX, Glutathione Peroxidase.
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Disscussion

Worldwide, ischemic heart disease remains the lead-
ing cause of death due to the dysfunction and loss of
non-proliferative myocardial cells. Mechanistically, an in-
creased production of oxygen radicals in mitochondria fol-
lowing cardiac ischemia reperfusion (IR) injury contributed
to increased oxidative cell damage [30]. In our study, intra-
gastric administration of DZ can significantly alleviate car-
diac injury after myocardial infarction. DZ is a widely used
traditional compatibilizer in clinical medicine in China, and
was demonstrated to provide resistance to ferroptosis post-
MI in a PKA-dependent manner. Therefore, it is better to
use this pair of herbs to support the healing of acute my-
ocardial infarction in clinical practice.

Different from other types of classical programmed
cell death including apoptosis, pyroptosis and necrosis, fer-
roptosis is defined as the iron overload-dependent lipid per-
oxidation leading to regulatory cell death. Recent studies
have shown that ferroptosis is intimately involved in my-
ocardial infarction. By targeting iron deposition and the an-
tioxidant defense system, many molecules and agents have
been found to have a therapeutic effect on myocardial in-
farction [31]. In our previous studies, salvianolic acid B and
geniposide were found to confer resistance to ferroptosis in
ischemic myocardium. In this study, the results showed that
cAMP levels and PKA activities in cardiac tissue were sig-
nificantly higher after the administration of DZ compared to
the model group. The use of PKA inhibitors after DZ treat-
ment reduced the effect of the drug on alleviating myocar-
dial infarction. The damaging effects of ferroptosis were
also attenuated by administration of DZ and this effect was
diminished by exposure to H-89. In summary, DZ can con-
fer its resistance to ferroptosis and exert cardioprotection in
myocardial infarction by activating cAMP-PKA signaling.

Classic signaling cascades involve the activation of
cAMP by GPCRs including adrenergic and EP receptors,
leading to increases in cAMP and PKA. It’s recognized that
the cAMP-PKA pathway has a protective effect against is-
chemic injury in many organs, including the brain, kidney
and the heart [32]. After cAMP is activated, various intra-
cellular downstream effectors are activated including PKA
which regulate the response to specific stimuli. Adaptation
to stress and the regulation of cardiac function are depen-
dent on PKA. When PKA is activated, the downstream ef-
fector cAMP response element binding protein can be phos-
phorylated to suppress inflammatory-related genes to alle-
viate myocardial infarction [33]. Furthermore, the release
of calcium was stimulated by PKA phosphorylation result-
ing in increased contractile force and a positive inotropic
effect [34]. For the treatment of MI, elevated cAMP ex-
pression and PKA activities are reported to be beneficial in
myocardial infarction and play a critical role in many cel-
lular and physiological processes, although there is contro-
versy as to whether the levels of PKA and cAMP are altered

during MI [3]. It is one of the best characterized signaling
pathways which can mediate homeostasis to protect cardiac
cells from injury.

There are still many unsolved problems on this sub-
ject. G proteins vary depending on the types of GPCR.
Coupled G-proteins, such as Gα and Gi, determine com-
pletely different cellular processes. The pattern of DZ to
dynamically motivate GPCR, involving the dissociation of
different types of G proteins, remained elusive. Addition-
ally, the mechanism by which cAMP-PKA influences fer-
roptosis requires further investigation. One possible ex-
planation would be that PKA is capable of phosphorylat-
ing downstream proteins which inhibit lipid peroxidation,
thereby protecting cardiac cells from ferroptosis.

Our study also had several limitations throughout the
research process. These include limitations related to the
number of experimental rats, equipment limitations, and
the potential increase in mortality associated with repeated
blood sampling. These factors resulted in a limited assess-
ment of cardiac injury and function. In future research, it
would be prudent to use a more comprehensive range of as-
sessment techniques, such as echocardiography, TTC stain-
ing and dynamic monitoring of serum cardiac biomarkers,
to thoroughly evaluate the cardioprotective effects of DZ. In
addition, there is a lack of toxicological evaluation of these
medicines, particularly with regard to potential damage to
various organs when administered singly. In the future, we
aim to increase the number of experimental subjects and use
a variety of experimental methods to support the conclusion
that DZ canmitigate the damage caused by post-myocardial
infarction.

Conclusion

The findings of this study suggest that DZ has thera-
peutic potential for the treatment of ischemia heart disease
bymediating cAMP-PKA signaling. In addition, DZ can al-
leviate ferroptosis in myocardial infarction. Our study has
provided an alternative therapy to facilitate the treatment of
myocardial infarction, which may have important implica-
tions for clinical practice.
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