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Military Medical University, Shanghai, China, ?Department of Thoracic Surgery, Shanghai Pulmonary
Hospital, Tongji University School of Medicine, Shanghai, China

Background: Acute myocardial infarction (AMI) is a leading cause of
cardiovascular mortality and perioperative complications in the elderly
(>65 years). However, existing clinical biomarkers (e.g., troponin) still lack
sufficient sensitivity for ultra-early diagnosis. A comprehensive understanding
of the dynamic changes in serum biomarkers post-AMI is crucial for
developing novel diagnostic strategies.

Methods: A rat AMI model was established by surgical ligation of the left
anterior descending (LAD) coronary artery. Cardiac function was evaluated via
echocardiography and triphenyltetrazolium chloride (TTC) staining at 24 h
post-AMI. Blood samples were collected at baseline (pre-anesthesia) and at 1,
2, 6, 12, 24, and 48 h post-LAD ligation. Serum levels of 25 biomarkers were
measured by ELISA, including: a-smooth muscle actin  (a-SMA),
aminopeptidase N (ANPEP), B-type natriuretic peptide (BNP), C-C chemokine
receptor type 2 (CCR2), C-reactive protein (CRP), connective tissue growth
factor (CTGF), C-X-C motif chemokine ligand 16 (CXCL16), cystatin C (Cys),
dopamine D2 receptor (D2D), glucagon-like peptide-1 (GLP-1), homocysteine
(Hey), chemokine-like factor 1 (CKLF1), high-sensitivity troponin | (hs-Tnl),
interleukin-1B (IL-1B), interleukin-6 (IL-6), lipoprotein(a) (Lp-a), monocyte
chemoattractant protein-1 (MCP-1), matrix metalloproteinase-9 (MMP-9),
NOD-like receptor family pyrin domain-containing 3 (NLRP3), plasminogen
activator inhibitor-1 (PAI-1), S100 calcium-binding protein A8 (S100A8), solute
carrier family 31 member 1 (copper transporter, SLC31A1), tissue inhibitor of
metalloproteinases-1 (TIMP-1), tumor necrosis factor-a (TNF-a), and vascular
endothelial growth factor A (VEGF-A).

Results: At 24 h post-AMI, LVEF was significantly decreased in the AMI group
(63.84+2.48% vs. 38.83+262%, p<0.001), with an infarct size of
28.70 + 1.43%. A total of 25 blood biomarkers potentially associated with AMI
were detected. Among them, 17 biomarkers showed rapid elevation within 1 h
post-AMI (excluding IL-6, TNF-a, ANPEP, D2D, CXCL16, Lp-a and a-SMA).
IL-6, TNF-a and ANPEP exhibited significant elevation at 2 h post-AMI, while
CXCL16 showed obvious elevation at 6 h and a-SMA demonstrated significant
elevation at 12 h. However, S100A8, GLP-1, MMP-9 and NLRP3 showed a
decrease at 2 h, although their overall trend within 48 h was upward. Lp-a
and D2D remained below baseline levels throughout the observation period,
with both showing levels below baseline at 1 h post-AMI. They returned to
baseline levels at 12 h and 2 h respectively, followed by rapid decreases again
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Conclusion: This study is the first to systematically characterize the dynamic
profiles of 25 serum biomarkers following AMI in rats, revealing that: (1) IL-1,
S100A8, BNP, SLC31A1 and Cys may serve as an ultra-early (1h) diagnostic
panel (increase of over 70% at 1h); (2) the delayed elevation of a-SMA and
CXCL16 may be associated with the initiation of myocardial repair; (3) the
suppression of Lp-a and D2D might reflect compensatory protective mechanisms.

KEYWORDS

acute myocardial infarction, LAD ligation, serum biomarkers, temporal dynamics, early

diagnosis, rat model

1 Introduction

Cardiovascular diseases (CVDs) remain one of the leading
causes of global mortality and disability, with AMI being a
major clinical concern due to its high fatality and disability rates
(1). AMI is a pathological process characterized by acute
coronary occlusion leading to myocardial ischemia, hypoxia, and
Although
therapies (such as thrombolysis and percutaneous coronary

ultimately  cardiomyocyte necrosis. reperfusion
intervention) have significantly improved AMI outcomes in
recent years, early diagnosis and intervention remain crucial for
reducing mortality (2, 3). Currently, clinical diagnosis primarily
relies on electrocardiography (ECG) and myocardial injury
biomarkers (e.g., troponin I/T, B-type natriuretic peptide) (4-7).
However, the sensitivity and specificity of these indicators in the
early stages (particularly within 1-2h) of AMI onset remain
identifying
serological biomarkers is of great significance for early AMI

limited. Therefore, earlier and more precise
warning and treatment optimization.

Current clinical diagnosis of AMI primarily relies on
myocardial injury biomarkers, with ¢Tnl/cTnT being the gold
standard (8, 9). cTnl/cTnT are structural proteins released into
the circulation upon necrosis of cardiomyocytes following
ischemic injury. Their release kinetics are characterized by a
detectable rise within 3-6 h, peaking at 12-24 h, and remaining
elevated for 5-10 days after AMI. While the introduction of
(hs-cTn) (8)

significantly improved early detection sensitivity, diagnostic

high-sensitivity cardiac troponin assays has
uncertainty may still persist in the hyper-acute phase (<3 h) due
to potential overlaps in absolute values and kinetic patterns. The
traditional biomarker creatine kinase-MB (CK-MB) (8) exhibits
an earlier rise but lower cardiac specificity and a shorter
window of elevation (peaking at 10-18 h and lasting 2-3 days),
thus often serving as an auxiliary diagnostic tool. These
limitations underscore the critical need to explore biomarkers
that change during the very early stages of ischemia, even prior
to overt necrosis, to achieve true ultra-early diagnosis.

Following myocardial ischemic infarction, cardiomyocyte
necrosis triggers complex inflammatory responses (10), oxidative
stress (11), and myocardial remodeling processes (12), during
bioactive molecules are released into the
with the

proteomics and molecular biology technologies, an increasing

which various

bloodstream. In recent years, development of

number of potential AMI-related markers have been reported,
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such as inflammatory factors (IL-6, TNF-a), myocardial fibrosis-
related proteins (CTGF, MMP-9), and metabolic regulatory
molecules (GLP-1, Hcy) (13, 14).
patterns of these markers and their clinical significance at

However, the dynamic

different stages of AMI have not been fully elucidated.
Moreover, most studies have focused on single or a few
markers, lacking systematic analysis of the temporal
characteristics of continuous changes in multiple indicators after
AMI, which limits their application in clinical practice.

Animal models are important tools for studying AMI
pathological mechanisms and marker screening. Among them,
the rat Left Anterior Descending Coronary Artery (LAD)
ligation model is widely used due to its operational stability and
high similarity to human AMI pathological changes (15). This
study employs this model to systematically detect the dynamic
changes of 25potential biomarkers in serum at different time
points (0, 1, 2, 6, 12, 24, and 48 h) before and after AMI,
including inflammatory factors (IL-1B, IL-6, TNF-a, MCP-1),
myocardial injury markers (hs-Tnl, BNP), oxidative stress-
related molecules (Hcy, S100A8), and vascular remodeling
factors (VEGF-A, MMP-9, TIMP-1), This study primarily
explores the potential comprehensive systemic response
triggered by cardiac injury, aiming to construct a continuous
change profile of serum markers after AMI.

The main objectives of this study include: (1) screening
markers that are significantly elevated in the early stages of AMI
(1-6 h) to provide new evidence for clinical early diagnosis; (2)
analyzing the temporal change characteristics of different
markers to reveal the dynamic patterns of inflammation, fibrosis,
and metabolic regulation after AMI; (3) exploring the potential
mechanisms underlying the lack of elevation of certain markers
(such as Lp-a and D2D) after AMI. Our findings will not only
contribute to a deeper understanding of the pathophysiological
processes of AMI but may also provide a more comprehensive
thereby

optimizing early diagnosis and individualized treatment of AMI.

biomarker detection strategy for clinical practice,

2 Materials and methods
2.1 Establishment of rat AMI model

All animal care and experimental procedures were conducted
in accordance with the guidelines of the Animal Care and Use
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Committee of Shanghai Changzheng Hospital. Male Sprague-
Dawley rats (weight: 200-250 g; age: 5 weeks) were provided by
Shanghai Jiesijie Laboratory Animal Co., Ltd. The rats were
housed in a standard SPF facility under controlled conditions
(temperature: 22 + 2°C; humidity: 50%-60%; 12 h/12 h light/dark
cycle) with free access to food and water. After a 1-2 week
acclimatization period, the experiments were initiated.

A total of 26 rats were used in this study, distributed as
follows: the sham surgery group (Sham, n=38), 4 were allocated
for TTC staining experiments; and 4 were used for ELISA
assays; and the AMI group (n=18). Among the AMI group, 4
rats were utilized in preliminary pilot experiments; 3 were
excluded due to the absence of significant infarction as
confirmed by postoperative echocardiography; 1 died during the
TTC
experiments; and 6 were used for ELISA assays. The AMI model

surgical procedure; 4 were allocated for staining
was established via LAD ligation, as previously described (16).
Briefly, rats were anesthetized with 2% isoflurane (R510-22-10,
RWD Life Science), intubated, and connected to a small-animal
ventilator (ALC-V8-SLA, Shanghai ALCOTT BIOTECH), and
A left
thoracotomy was performed between the fourth and fifth ribs to
expose the heart. The LAD was ligated with a 6-0 silk suture
(EH7297H, Ethicon) 2-3 mm below the left atrial appendage.

Successful ligation was confirmed by immediate pallor of the

maintained under anesthesia with 1.5% isoflurane.

anterior left ventricular wall. The chest was then closed,
anesthesia was discontinued, and rats were allowed to recover
on a heating pad under close observation. All experimental rats
were euthanized by inducing deep anesthesia through isoflurane
overdose, followed by cervical dislocation as a secondary

physical method to ensure death confirmation.

2.2 Blood sample collection post-AMI

Blood samples were collected from the retro-orbital venous
plexus of all rats in both the sham and AMI groups at baseline
(pre-anesthesia) and at 1, 2, 6, 12, 24, and 48 h after acute
myocardial infarction. Prior to collection, topical anesthesia (1%
tetracaine) was applied to the eye. Approximately 0.2 ml of
whole blood was drawn using heparinized capillary tubes
(diameter: 1.0 mm). Hemostasis was achieved with sterile cotton
balls, and chloramphenicol eye drops were administered to
prevent infection. Blood samples were incubated at room
temperature for 30 min, centrifuged at 3000 rpm for 15 min (4°
C), and the serum aliquots were diluted to 0.4 ml with ELISA
diluent and stored at —80°C.

2.3 ELISA assay

Serum levels of 25 biomarkers (0-SMA, ANPEP, BNP, etc.)
were quantified using commercial ELISA kits (DY008B, R&D
systems) according to the manufacturer’s protocols. Briefly,
serum samples and standards were added to pre-coated 96-well
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plates, followed by incubation with detection antibodies (abcam:
ab7817, ab108310, ab19645, ab273050, ab259862, ab318148,
ab109508, ab85367, ab111125, ab133635, ab180512, ab283818,
ab9324, ab208184, ab219045, ab76003, ab263899, ab317604,
ab180735, ab317432, ab216432, ab307164, ab100787; Biorbyt:
orb1736502, PA5115068) and
secondary antibodies (ab6721, abcam). Color development was
initiated with TMB substrate, and absorbance was measured at

Invitrogen: enzyme-linked

450 nm. All steps were performed in duplicate, with quality
controls and standard curves (R%?>0.99). Data were acquired
using a microplate reader (BioTek Synergy H1), and statistical
analysis was performed using SPSS software (version 20.0),
while graphs were generated with GraphPad Prism (version 8.0).

2.4 Echocardiography

At 24h post-AMI, transthoracic echocardiography was
performed on all surviving rats using a high-resolution small-
animal ultrasound system (VisualSonics Vevo 2,100). Under
1.5% isoflurane anesthesia, rats were placed in a supine position
on a temperature-controlled platform. After chest hair removal
and application of ultrasound gel, standard left ventricular long-
and short-axis views were obtained using an MS250 probe
(21 MHz). (LVEF)
measured. All images were acquired by two blinded operators,

Left ventricular ejection fraction were

with three consecutive cardiac cycles averaged per parameter.

2.5 TTC staining

At 24 h post-AMI (Including sham group), hearts were rapidly
excised under deep anesthesia, rinsed with ice-cold PBS, and
—20°C for 20 min. The
transversely into 3 mm-thick slices and incubated in 1% TTC
(T8170, Solarbio) solution (pH 7.4, 37°C) for 15 min in the
dark.  Viable
dehydrogenase activity, while infarcted areas remained pale.
After fixation with 4% paraformaldehyde for 30 min, sections

frozen at hearts were sectioned

myocardium  stained brick-red due to

were photographed, and infarct size (% of left ventricle) was
quantified using Image].

2.6 Statistical analysis

Statistical analysis was performed using SPSS 20.0 (SPSS,
Chicago, IL, USA). Normally distributed continuous data were
expressed as mean +standard deviation, and comparisons
t-test.
Intergroup differences were analyzed by one-way ANOVA with
Bonferroni post hoc tests (SPSS, Chicago, IL, USA). Two-sided

tests were used, with statistical significance set at P < 0.05.

between two samples were conducted wusing the
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3 Results

3.1 Successful establishment of acute
myocardial infarction model

The AMI model was successfully established by ligating the
LAD in rats. Echocardiographic images at 24h post-AMI
showed significantly reduced wall motion in the infarct zone
(Figure 1A), while TTC staining revealed distinct pale infarct
areas (Figure 1C). In the sham group, TTC staining confirmed
the absence of myocardial infarction. Quantitative analysis

10.3389/fcvm.2025.1631648

demonstrated a significant decrease in left ventricular ejection
fraction (LVEF) in the AMI group (38.83% +2.62% vs. pre-
operative 63.84% *2.48%, P<0.001), confirming successful
LAD ligation (Figure 1B). In contrast, the sham group showed
no significant difference in LVEF before (67.59% +2.58%) and
after (68.85% +3.41%) the procedure. TTC staining further
verified myocardial infarction in the AMI group with an
infarct size of 28.70% +1.43% (Figure 1D). These data
indicate the stable and reliable establishment of the AMI
model, suitable for subsequent

dynamic analysis of

serum biomarkers.

Preoperative

Sham

AMI

Postoperative

LI_LllllllrlllIIIlll Illl[llllrlll
B D

80- Fkkk 401
§ =p= AMI p—
E °\o 30' o =
S 3
O N
E == 2 201
c e
2 £
k7] £ 104
2,
= ND

T T 0 1 ]
Preoperative Postoperative Sham AMI
FIGURE 1

Successful establishment of acute myocardial infarction (AMI) rat model by LAD ligation. (A) Representative echocardiographic images from the sham
(n = 4) and AMI (n = 6) groups, illustrating impaired wall motion in the infarct area. (B) Quantitative analysis of left ventricular ejection fraction (LVEF)
showing significant reduction post-AMI (P < 0.0001 vs. pre-operation). (C) Representative TTC-stained heart sections from both groups. The pale
unstained region indicates the infarcted area in the AMI heart, while the sham group shows no infarction. (D) Quantification of myocardial infarct
size, confirming extensive infarction in the AMI group (28.70% + 1.43%) and no infarction (0%) in sham group. Data presented as mean + SEM.
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3.2 Serum biomarkers showing sustained
elevation within 1 h post-AMI

Among myocardial injury markers, BNP and hs-Tnl exhibited
significant time-dependent increases (Figures 2A,C), while the
sham group showed no significant changes across all time points
(P>0.05). BNP levels rose sharply from a baseline of
437.57 + 80.15 pg/ml-787.38 + 42.95 pg/ml within 1h
(P=4.95%x107"), peaking at 48h (1,257.44+60.27 pg/ml,
P=0.0004). Notably, levels exceeded 1,000 pg/ml by 12h

10.3389/fcvm.2025.1631648

(1,051.79 £50.27 pg/ml). In contrast, sham group BNP levels
remained stable. hs-Tnl showed progressive elevation from
baseline (245.08 + 26.47 pg/ml), with the first significant increase
at 2h (310.09 £ 15.95 pg/ml, P=0.005), reaching a peak at 48 h
(452.57 £24.76 pg/ml, P=0.092). Sham group hs-Tnl levels
showed no significant fluctuations (P> 0.05).

Inflammatory markers IL-1f and MCP-1 displayed distinct
dynamic patterns (Figures 2D,F). IL-1B showed rapid response,
increasing from 204.86 + 42.57 pg/ml-351.31 + 22.83 pg/ml within
1h (P=0.00091), peaking at 12h (570.58 +31.19 pg/ml) before

AMI-1 -+ AMI-3 - AMI-5 -8 Sham-1 —# Sham-3
AMI-2 -+ AMI-4 -0~ AMI-6 -~ Sham-2 -~ Sham-4
BNP B TIMP-1
A 1500~ 60-
E E
= E=)
= 1000 £ 404
S s
g g
bt -
S 500 < 20-
o o
S 5
(&) (&
0 1 1 1 1 I 1 1 0 T T T T T T T
Oh 1h 2h 6h 12h 24h 48h Oh 1h 2h 6h 12h 24h 48h
Time (hour) Time (hour)
C hs-Tnl D IL-1B
600 800
E E
=] D 600
£ 400- =
= £
] 0 400
E g
§ 200 §
2 2 200+
o o
(&) (&)
0 T T T T T T T 0 T T T T T T T
Oh 1h 2h 6h 12h 24h 48h Oh 1h 2h 6h 12h 24h 48h
Time (hour) Time (hour)
E CTGF F MCP-1
3000+ 1500
E E
2 2
~ 2000 ~ 1000 |
5 5 =
= = . ==
< s S
.~ / . v
S 1000+ S 500 - 4 ) )
8 8 (=t
£ = v
o o
(&) (&)
0 T T T T T T T 0 1 1 1 1 1 1 1
Oh 1h 2h 6h 12h 24h 48h Oh 1h 2h 6h 12h 24h 48h
Time (hour) Time (hour)
FIGURE 2
Rapid and sustained elevation of serum biomarkers within 1 h post-AMI. (A) BNP levels showing rapid elevation at 1 h (P = 4.95 x 107> vs. baseline)
with sustained increase to 48 h (P=0.0004). Sham group showed no significant changes (P> 0.05). (B) TIMP-1 demonstrating progressive
elevation from baseline, reaching peak at 48 h. Levels remained stable in sham group. (C) hs-Tnl exhibiting gradual increase with first significant
change at 2 h (P=0.005). No significant fluctuation was observed in sham group. (D) IL-1f displaying rapid response at 1 h (P =0.00091) and
peak at 12 h. Sham group maintained baseline levels throughout. (E) CTGF showing marked elevation from 2 h (P =0.0036) to 24 h (P=0.0013)
Sham animals exhibited no significant changes. (F) MCP-1 revealing biphasic pattern with initial peak at 2 h (P=0.00012) and secondary rise at
48 h (P=0.00217). Sham group levels remained unaltered. Data are mean+SEM, n=6, All P values represent comparisons with
baseline measurements.
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stabilizing. Sham group IL-1P levels remained within baseline range.
MCP-1 exhibited a biphasic pattern: rapid elevation to
540.81+49.78 pg/ml at 1h (P=0.00215), peaking at 2h
(657.45 £ 59.41 pg/ml, P =0.00012), followed by temporary decline
at 6 h (P=0.414) and subsequent sustained increase to a maximum
at 48 h (917.33 +62.29 pg/ml, P=0.00217). No significant MCP-1
changes were observed in the sham group(P > 0.05).

Tissue remodeling markers TIMP-1 and CTGF showed
sustained upward trends (Figures 2B,E). TIMP-1 increased from
baseline (22.30 + 3.12 ng/ml) at all time points (P =0.013-0.522),
peaking at 48 h (49.89 +2.40 ng/ml). Sham group TIMP-1 levels
remained consistent. CTGF changes were more pronounced,
rising significantly from baseline (955.6 +125.1 pg/ml) at 2h
(1,437.7 £120.3 pg/ml, P=0.0036) and reaching
2,4153+759 pg/ml by 24h (P=0.0013). In the sham group,
CTGF levels showed no significant deviation from baseline.

3.3 Serum biomarkers showing fluctuant
elevation patterns

Among inflammatory markers, NLRP3 (Figure 3A) displayed
characteristic fluctuant elevation: baseline 102.97 +9.35 pg/ml
increased sharply at 1h (162.63 +14.88 pg/ml, P =0.00031),
temporarily declined at 2h (P=0.0017), then rose continuously
to peak at 48 h (230.82 +14.91 pg/ml, P=0.0048). In contrast,
sham group NLRP3 levels remained stable throughout. SI00A8
(Figure 3B) showed more dramatic changes: baseline
1,623.20 +240.19 pg/ml surged at 1h (2,940.48 +250.54 pg/ml,
P=0.00034), temporarily declined at 2h, then peaked at 48 h
(5,483.50 £ 379.69 pg/ml, P =0.00079). No significant S100A8
changes occurred in sham group. CRP (Figure 3F) rose
continuously ~ from  baseline  (162.14 £12.90 pg/ml)  to
258.21+24.66pg/ml at 2h, then peaked at 48h
(344.19 + 27.52 pg/ml, P=0.0039). CKLF1 (Figure 4E) showed
similar kinetics, peaking at 12h (70.68 +4.33 ng/ml) before
declining. CKLF1 levels in sham animals remained consistent.

Among chemotaxis-related markers, CCR2 (Figure 3E)
increased progressively from baseline (2.43+0.34 ng/ml) to
9.58 +0.94 ng/ml at 48 h (P=0.00061), with significant elevation
at 2h (P=0.00037). Sham group CCR2 levels exhibited minimal
fluctuation. MMP-9 (Figure 3D) showed comparable kinetics:
baseline 30.09 £4.11 ng/ml rose rapidly to 67.03 + 3.60 ng/ml at
12h (P=0.0015), remaining elevated despite temporary decline
at 6h (P=0.0384). MMP-9 values in sham group showed no
significant change.

Metabolic/fibrosis markers exhibited unique patterns. GLP-1
(Figure 3C) showed biphasic elevation: baseline 5.6 + 0.73 pmol/
ml increased rapidly at 1h (9.2+1.14 pmol/ml, P =0.00042),
fluctuating upward to peak at 48h (16.56+0.62 pmol/ml,
P=0.0015). GLP-1 levels in sham group remained at baseline
range. PAI-1 (Figure 4A) rose continuously from baseline
(12.95+ 1.56 ng/ml) to 29.07+1.91 ng/ml at 12h (P=0.0011),
then slightly declined. Sham group PAI-1 levels were unaltered.
Cys and Hcy showed parallel trends (Figures 4B,C), with Cys

peaking at 12h (905.40+55.87 ng/ml) and Hcy at 24h
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(22.15+ 1.59 pmol/L, P=0.00008). Both markers remained
stable in sham group. SLC31Al increased sharply at 1h
(113.83 £ 10.53 pg/ml, P =0.00001), peaked at 24h
(236.17 £10.33 pg/ml), then declined significantly by 48 h. No

significant SLC31A1 changes were detected in sham group.

3.4 Serum biomarkers showing delayed
elevation (2—-6 h post-AMI)

Here we analyzed four serum biomarkers closely associated
with vascular remodeling and inflammatory responses. VEGF-A
(Figure 5A) exhibited a typical biphasic elevation pattern,
showing no significant increase from the baseline level of
247.87+1598 pg/ml to 308.76 £19.98 pg/ml within 1h,
remaining stable thereafter, then significantly increasing again to
458.41 +29.81 pg/ml at 12h (p=0.0002), and peaking at
564.54 +19.81 pg/ml by 48h (p=0.0003). In the sham group,
VEGF-A levels remained stable throughout.

a-SMA  (Figure 5B)
characteristics, with a baseline level of 305.40 +43.61 pg/ml,

demonstrated delayed elevation
showing its first significant increase to 366.24 +21.72 pg/ml only
at 6 h (p=0.042), followed by a sharp rise to 534.29 +24.13 pg/
ml at 12h (p=274x107°, and reaching its peak at
644.53 +27.84 pg/ml by 48 h (p =0.0027). No significant a-SMA
changes were observed in the sham group.

The proinflammatory cytokines IL-6 and TNF-a both
displayed characteristic changes (Figures 5C,D). IL-6 increased
significantly from a Dbaseline of 40.09+4.19 pg/ml to
6156 +422pg/ml at 2h (p=7.14x10"°), peaked at
79.94+3.19 pg/ml by 24h (p=0.0145), and then declined at
48h (p=0.0005). IL-6 levels in sham animals showed no
notable variation. TNF-o showed more pronounced changes,
increasing sharply from a baseline of 244.37 +34.32 pg/ml to
401.80 £17.20 pg/ml at 2h (p=1.57x107"), peaking at
533.96 +30.21 pg/ml by 12h (p=0.0071), and remaining at
relatively high levels at 48 h (p =0.0498). TNF-a levels remained
consistent in the sham group.

3.5 Other elevated serum biomarkers

We then analyzed the temporal change characteristics of two
special biomarkers, ANPEP and CXCL16 (Figures 6A,B).
ANPEP exhibited a unique fluctuating elevation pattern,
decreasing significantly from baseline 5.1+0.6 ng/ml to
3.8+0.8ng/ml at 1h (p=0.030), then rebounding sharply to
8.1£0.9 ng/ml at 2 h (p=0.0003). After a brief decline at 6 h, it
reached its peak at 12h (11.8+0.8 ng/ml, p=7.0x 107°), and
decreased to 8.5+ 0.8 ng/ml by 48 h (p=0.0038). ANPEP levels
in the sham group remained stable across all time points.

CXCL16 progressively  delayed
characteristic, ~ decreasing  significantly =~ from  baseline
210.9 + 10.6 pg/ml to 170.8 +19.6 pg/ml at 1 h (p =0.0097), then
returning to baseline levels at 2h (p=0.0073). It continued to
rise thereafter, reaching 306.1 +33.4 pg/ml at 6 h (p=0.0023),

showed a elevation
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fluctuant elevation with initial peak at 1h (P=0.00031 vs

values represent comparisons with baseline measurements.
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peaking at 401.8+16.8 pg/ml by 24h (p=0.0046), and
maintaining a plateau phase at 48 h (p=0.997). No significant

CXCL16 fluctuations were detected in the sham group.

3.6 Serum biomarkers showing post-AMI
decrease

Finally, we present two biomarkers that showed overall
decreases post-operation.
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Serum D2D levels exhibited a unique dynamic pattern
after AMI  (Figure 6C). The
615.60 £ 65.68 ng/ml, which decreased significantly to
510.93+25.77ng/ml at 1h post-AMI (p=0.015). It then
rebounded to 629.55+74.31ng/ml at 2h (p=0.025) and
peaked at 652.77 +60.06 pg/ml by 6h (compared to 2h,
p=0.531). After 12 h, it began to decline gradually, further
decreasing to 439.63 +56.71 ng/ml by 48 h. In contrast, D2D
levels in the sham group remained stable throughout the
observation period.

baseline level was
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Delayed elevation with peak-and-decline patterns of fibrosis and metabolic biomarkers post-AMI. (A) PAI-1 showing continuous rise to 12 h
(P =0.0011) followed by slight decline. Sham group levels remained stable (P>0.05). (B) Cys and (C) Hcy displaying parallel trends with peaks at
12 h and 24 h respectively (Hcy P=0.00008). Both markers showed no significant changes in sham group. (D) SLC31A1 demonstrating sharp
increase at 1h (P=0.00001), peak at 24 h, and significant decline by 48 h. No significant fluctuation was observed in sham group. (E) CKLF1
exhibiting peak elevation at 12 h before decline. Sham animals maintained baseline levels throughout. Data are mean + SEM. n =6, All P values

Serum Lp-a levels showed significant time-dependent changes
after AMI (Figure 6D). The baseline level was 165.99 £ 14.31 ng/
ml, which rapidly decreased to 106.88 +12.20 ng/ml at 1 h post-
AMI (p =0.0009). This downward trend continued, reaching the
lowest value of 87.76+13.51 ng/ml at 2h. Subsequently, it
showed a significant rebound to 138.45+8.63 ng/ml at 6h
(p=0.0010) and peaked at 156.25+11.52ng/ml by 12h
(compared to 6h, p=0.0091). In the later phase (24-48 h), it
exhibited a  downward
123.00 +10.24 ng/ml  at

trend
24 h

again, decreasing to

and further declining to

Frontiers in Cardiovascular Medicine

100.71 £ 13.09 ng/ml by 48 h. No significant Lp-a fluctuations
were observed in the sham group, with levels maintaining near
baseline values.

4 Discussion

Through systematic analysis of dynamic changes in 25 serum
biomarkers within 48 h after AMI, this study has revealed the
temporal  characteristics

of pathophysiological —processes
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FIGURE 5
Delayed elevation patterns of vascular remodeling and inflammatory biomarkers post-AMI. (A) VEGF-A showing biphasic response (baseline
247.9 +16.0 pg/ml) with delayed elevation to 458.4 + 29.8 pg/ml at 12 h (P = 0.0002), peaking at 564.5 + 19.8 pg/ml (48 h). Sham group showed
no significant changes. (B) a-SMA demonstrating delayed first increase to 366.2 + 21.7 pg/ml at 6 h (P =0.042), peaking at 644.5 + 27.8 pg/ml
(48 h). Levels remained stable in sham group. (C) IL-6 (baseline 40.1 + 4.2 pg/ml) elevating to 61.6 + 4.2 pg/ml at 2 h (P=7.14 x 107°), peaking at
79.9 + 3.2 pg/ml (24 h). No significant elevation in sham group. (D) TNF-a showing rapid increase to 401.8 +17.2 pg/ml at 2 h (P =157 x107°),
peaking at 534.0 + 30.2 pg/ml (12 h). Sham group maintained baseline levels. Data are mean + SEM. All P values vs. baseline.

including myocardial injury, inflammatory response, and tissue
remodeling. More importantly, it provides new experimental
evidence for early AMI diagnosis and mechanistic research. The
results demonstrate that different categories of biomarkers
exhibit distinct dynamic patterns, which not only reflect the
complex pathophysiological processes post-AMI but also offer
crucial clues for optimizing clinical diagnosis and
therapeutic strategies.

Regarding early diagnostic biomarkers, this study identified
multiple biomarkers showing significant elevation within 1-6 h
after AMI onset. hs-Tnl demonstrated statistically significant
elevation as early as 2 h, supporting the clinical value of high-
sensitivity troponin testing recently promoted in clinical
practice. Notably, certain inflammatory markers like IL-1p and
S100A8 showed rapid elevation within 1 h, even earlier than hs-
Tnl. These their

involvement in ischemia-induced

ultra-early changes suggest potential

immediate inflammatory
responses. Meanwhile, early elevation of MMP-9 and PAI-1
reflects acute activation of the coagulation-fibrinolysis system
(17, 18), while the biphasic pattern of GLP-1 implies the
regulatory role of the gut-brain axis during myocardial ischemic

stress (19, 20). Combined detection of these biomarkers may
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further advance the diagnostic window for AMI, creating more
favorable conditions for early clinical intervention.

From a pathophysiological perspective, the inflammatory
post-AMI  exhibited
characteristics. The early phase (0-2h) was marked by rapid
release of mediators like IL-1B and S100A8; the intermediate
phase (6-12 h) was accompanied by significant elevation of pro-

response distinct  phase-specific

inflammatory factors such as TNF-o and IL-6; while the late
phase (24-48h) was dominated by sustained expression of
chemokines including MCP-1 and CXCL16. This temporal
progression closely aligns with the pathological process of
ischemia-reperfusion injury, reflecting the natural disease course
from acute injury to chronic inflammation (21, 22). In terms of
tissue remodeling, the progressive elevation of CTGF (23) and
TIMP-1 (24) corresponded with myocardial fibrosis progression,
while the delayed elevation of o-SMA that
myofibroblast activation might be a secondary process following

suggested

inflammatory responses (25).

Particularly noteworthy are the changing patterns of several
special biomarkers. The unique pattern of Lp-a post-AMI,
characterized by early significant decrease followed by transient
recovery, may be related to acute-phase inhibition of hepatic
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Unique temporal patterns of special biomarkers post-AMI. (A) ANPEP (baseline 5.1 + 0.6 ng/ml) decreasing to 3.8 + 0.8 ng/ml (1 h) then peaking at
11.8 + 0.8 ng/ml (12 h). Sham group levels remained stable throughout (P>0.05). (B) CXCL16 showing initial drop to 170.8 +19.6 pg/ml (1 h)
before peaking at 401.8 +16.8 pg/ml (24 h). No significant changes observed in sham group. (C) D2D demonstrating dynamic changes from
615.6 + 65.7 ng/ml (baseline) to peak 652.8+60.1ng/ml (6 h). Sham group maintained consistent baseline levels. (D) Lp-a decreasing to
106.9 + 12.2 ng/ml (1 h) then rebounding to 156.3 + 11.5 ng/ml (12 h). Levels remained unaltered in sham animals. Data are mean + SEM. All P
values vs. baseline unless noted.

synthesis and associated with gut microbiota—a mechanism
distinctly different from traditional lipid metabolism markers
(26). The sustained downregulation of D2D might reflect

protective inhibition of dopaminergic neurons, and the
correlation between this change and cardiac function
deterioration =~ warrants  further  investigation  (27-29).

Additionally, the delayed elevation of CXCL16 (30) suggests its
primary involvement in chronic inflammatory processes rather
than acute injury responses, while the changing pattern of
protein SLC31A1
experimental evidence for the role of metal ion metabolism
in AML

The findings of this study hold significant clinical translational
value. Firstly, We found that five biomarkers (IL-1f, SI00A8, BNP,
SLC31A1 and Cys) showed an increase of over 70% at 1h
post-AMI, the combined detection strategy based on these

copper transporter (31) provides new

biomarkers could significantly improve ultra-early diagnosis
rates for AMI. Secondly, the temporal characteristics of different
biomarker categories provide clear therapeutic windows—for
instance, interventions targeting early inflammatory responses
(0-6h) and late fibrosis (12-24h) may require different
strategies. Furthermore,

the unique changing patterns of

biomarkers like GLP-1 and D2D suggest that neuroendocrine
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regulation may become a new therapeutic target. These findings
provide important theoretical foundations for precise diagnosis
and personalized treatment of AMI.

Nevertheless, this study has some limitations. Firstly, results
from animal models require further clinical validation. Secondly,
the study primarily focused on changes within 48 h, and longer-
term dynamic patterns need further elucidation. Thirdly, the
exclusive use of young adult male rats may limit the clinical
translatability of our findings. The absence of aged rats, which
better simulate the elderly human population most susceptible
to AMI, and the lack of female rats, which prevents the
exploration of potential sex-specific biomarker responses,
constrain the generalizability of our results. Furthermore, the
deliberate omission of postoperative antibiotic prophylaxis, while
intended to avoid confounding the natural inflammatory
response, may have introduced infection as an unmeasured
confounding variable. Additionally, the interaction mechanisms
among different biomarkers require more in-depth research.
Future studies could employ transcriptomics and proteomics
approaches to reveal the complex molecular network regulatory
mechanisms post-AMI from a more systematic perspective.
Meanwhile, prospective clinical studies could be conducted

based on the promising biomarker combinations identified in
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this study to evaluate their practical application value in early AMI
diagnosis and prognosis prediction.

In conclusion, through systematic analysis of dynamic serum
biomarker profiles post-AMI, this study has not only identified
multiple promising early diagnostic biomarkers but also revealed
the temporal characteristics of different pathophysiological
processes, providing important experimental evidence for
understanding AMI pathogenesis and developing new diagnostic
and therapeutic strategies. These findings will facilitate the
advancement of early diagnosis and precision treatment for

AM]I, ultimately improving clinical outcomes for patients.
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