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PCSK®@ Inhibition Protects Against Myocardial
Ischemia-Reperfusion Injury in Type 2 Diabetes
Rats Via Suppressing Inflammation and
Apoptosis

ABSTRACT

Background: Myocardial ischemia-reperfusion (I/R) injury is aggravated in type 2 dia-
betes mellitus (T2DM) due to metabolic dysfunction, inflammation, and apoptosis. This
study investigated the cardioprotective role of alirocumab, a proprotein convertase sub-
tilisin/kexin type 9 (PCSK?) inhibitor, compared with atorvastatin.

Methods: Type 2 diabetes mellitus was induced in rats by a high-fat/high-sugar diet plus
streptozotocin injection, followed by myocardial I/R through transient ligation of the
left anterior descending artery. Rats (n=6/group) were randomized into Control, non-
diabetic I/R, T2DM +I/R, T2DM +I/R + alirocumab, and T2DM +1/R + atorvastatin groups.
Alirocumab (10 mg/kg/week, intraperitoneal injection) or atorvastatin (10 mg/kg/day,
oral) was administered for 21 days. Outcomes included lipid deposition, myocardial
fibrosis, metabolic parameters, inflammatory cytokines, apoptosis, and expression of
PCSK9, nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3), and
Caspase-3, assessed by histology, enzyme-linked immunosorbent assay, terminal deoxy-
nucleotidyl transferase—mediated dUTP nick end labeling (TUNEL) assay, western blot-
ting, and quantitative reverse transcription polymerase chain reaction.

Results: Non-diabetic I/R rats showed increased lipid accumulation, fibrosis, inflamma-
tion, and apoptosis compared with controls, while these effects were markedly exac-
erbated in T2DM +1/R, confirming the amplifying effect of diabetes. Both alirocumab
and atorvastatin significantly reduced lipid accumulation, improved hepatic and renal
function, lowered free fatty acids and HbAlc, and restored insulin and C-peptide levels
(P <.001). Treatments also decreased pro-inflammatory cytokines (interleukin-1p [/L-14],
interleukin-6 [IL-6], tumor necrosis factor-a [ TNF-a]), inhibited NLRP3 inflammasome
activation, reduced myocardial apoptosis and caspase-3 activity, and downregulated
myocardial PCSK?, NLRP3, and caspase-3 expression. Protective effects were compa-
rable between alirocumab and atorvastatin.

Conclusion: Alirocumab and atorvastatin effectively attenuated myocardial I/R injury in
T2DM by modulating lipid metabolism, inflammation, and apoptosis. Diabetes substan-
tially intensified I/R-induced cardiac injury, underscoring the importance of metabolic
controlin cardioprotection.

Keywords: Apoptosis, cardioprotection, inflammation, myocardial ischemia-reperfusion
injury, PCSK9 inhibitor, statin, type 2 diabetes mellitus

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by
hyperglycemiaresulting frominsulin resistance and pancreatic beta-cell dysfunc-
tion."? Type 2diabetes mellitusisamajor global health concerndue toitsincreasing
prevalence and association with significant morbidity and mortality, particularly
related to cardiovascular complications.** Cardiovascular complications are the
leading cause of mortality in individuals with T2DM, with a higher risk of develop-
ing conditions such as myocardial infarction, stroke, heart failure, and peripheral
vascular disease compared to individuals without diabetes.>®
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Epidemiological studies have highlighted the substan-
tial burden of cardiovascular complications in individu-
als with T2DM.” For example, a meta-analysis by Sarwar
et al® reported that individuals with diabetes have a 2- to
4-fold increased risk of developing cardiovascular disease
compared to non-diabetic individuals. Furthermore, the
Framingham Heart Study demonstrated that individuals
with T2DM have a 2- to 4-fold increased risk of coronary
heart disease compared to those without diabetes.?

The association between T2DM and cardiovascular compli-
cations can be attributed to various factors, including the
presence of other risk factors such as hypertension, dyslipid-
emia, and obesity, as well as the pro-inflammatory and pro-
thrombotic state associated with diabetes.’” |n addition,
dyslipidemia is a common feature of T2DM characterized by
elevated levels of low-density lipoprotein cholesterol (LDL-
C) and triglycerides, and decreased levels of high-density
lipoprotein cholesterol (HDL-C)." Elevated LDL-C levels are
particularly concerning as they are a major risk factor for
atherosclerosis, the underlying cause of cardiovascular com-
plications in diabetes.™

The development of novel therapeutic agents targeting
dyslipidemia in individuals with T2DM has shown promise
in reducing the risk of cardiovascular complications.”™ One
such class of agents is proprotein convertase subtilisin/kexin
type 9 (PCSK?9) inhibitors, which have been shown to signifi-
cantly lower LDL-C levels and reduce the risk of cardiovas-
cular events in patients with atherosclerotic cardiovascular
disease.™

Proprotein convertase subtilisin/kexin type 9 is a key regu-
lator of low-density lipoprotein receptor (LDLR) levels and
plays a crucial role in lipid metabolism and the development
of cardiovascular disease.” Proprotein convertase subtilisin/
kexin type 9 inhibitors have emerged as a promising thera-
peutic option for reducing LDL cholesterol levels and lower-
ing the risk of cardiovascular events.” By inhibiting PCSK9,
these drugs increase the expression of LDLR on the surface
of hepatocytes, leading to enhanced clearance of circulat-
ing LDL cholesterol from the blood.

HIGHLIGHTS

e Alirocumab, a proprotein convertase subtilisin/kexin
type 9 (PCSK?) inhibitor, significantly protects against
myocardial ischemia-reperfusion injury in type 2 dia-
betic rats.

e Treatment with alirocumab reduced myocardial lipid
accumulation and improved cardiac histology.

e Alirocumab suppressed inflammation by lowering IL-18,
IL-6, and TNF-a levels and inhibiting NLRP3 inflamma-
some activation.

e Apoptosis was significantly reduced by alirocumab, as
evidenced by decreased TUNEL-positive cells and cas-
pase-3 expression.

e PCSK? inhibition modulated key inflammatory and
apoptotic pathways, highlighting its therapeutic poten-
tial in diabetic cardiovascular complications.
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Despite the well-established benefits of PCSK? inhibitors
in reducing cardiovascular risk, their effects on diabetes-
related cardiovascular complications remain less under-
stood. Diabetes is a major risk factor for cardiovascular
disease, with individuals experiencing diabetes being at a
higher risk of developing adverse cardiovascular events such
as myocardial infarction and stroke.”™ However, the specific
impact of PCSK? inhibitors on the incidence and progression
of cardiovascular complications in individuals with diabetes
is not fully elucidated, highlighting a gap in current research.

Several studies have suggested a potential role for PCSK?
inhibitors in modulating inflammation, oxidative stress, and
endothelial dysfunction, which are key mechanisms involved
in the pathogenesis of diabetic cardiovascular complica-
tions.””?° However, the exact mechanisms through which
PCSK®9 inhibitors may influence the development and pro-
gression of cardiovascular complications in individuals with
diabetes remain to be elucidated.

In this study, the aim was to investigate the effects of PCSK9
inhibitors on the development of diabetes-related cardiovas-
cular complications. By elucidating the mechanisms under-
lying the potential benefits of PCSK9 inhibition in individuals
with diabetes, the hopeiis to provide valuable insights into the
therapeutic potential of PCSK9 inhibitors in reducing the bur-
den of cardiovascular disease in this high-risk population.

METHODS

Reagents and Animals

All experiments were approved by the Animal Ethics
Committee of the hospital. Sprague-Dawley rats were used
as experimental animals. The rats were acclimated for 1
week with free access to food and water under standard
conditions with a 12-hour light-darkness cycle. Bedding was
changed every 3 days, and water bottles and cages were
cleaned regularly. Rats were randomly divided into 5 groups:
(1) Control, (2) ischemia-reperfusion group without diabe-
tes (I/R), (3) T2DM with ischemia-reperfusion (T2DM+1/R),
(4) T2DM +1/R treated with alirocumab (alirocumab), and (5)
T2DM +1/R treated with atorvastatin (atorvastatin). Control
and I/R groups were fed a standard diet (60% carbohydrates,
10% fat primarily composed of soybean oil, 22% protein,
and 8% other components including fiber) ad libitum. The
T2DM+1/R, alirocumab, and atorvastatin groups were fed a
high-sugar high-fat diet consisting of 50% carbohydrates,
30% fat primarily composed of animal fats, 13% protein, and
7% other components including fiber. The rats were fed for
6-8 weeks, and then streptozotocin (STZ) was administered
atadose of 150 mg/kg toinduce diabetesin high-sugar high-
fat diet groups. After 3 days, blood glucose levels were mea-
sured, and rats with blood glucose levels >16.7 mmol/L were
considered successfully modeled. All surgery was performed
under sodium pentobarbital anesthesia, and all efforts were
made to minimize suffering.

Myocardial Ischemia-Reperfusion Injury Model
Establishmentin Rats with Type 2 Diabetes Mellitus

After establishing the diabetic rat model, an I/R injury model
was established in the diabetic rats. Anesthetized rats were
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subjected to left anterior descending coronary artery liga-
tion followed by reperfusion. After 2 hours of reperfusion,
the rats were euthanized for further analysis. Successful
induction of myocardial I/R injury was confirmed by visual
observation of darkening of the distant myocardium, weak-
ened contraction, ST segment (ST) elevation, and T wave
heightening in the electrocardiogram. The non-diabetic I/R
group underwent the same surgical procedure without STZ
induction.

Drug Administration

The modeled diabetic rats were randomly assigned to the
T2DM+1/R, alirocumab, or atorvastatin groups. Alirocumab
was administered intraperitoneally at 10 mg/kg weekly,
while Atorvastatin was given orally at 10 mg/kg/day. Control
and I/R groups received equal volumes of distilled water.
Treatments lasted for 21days.

Sample Preparation

At the end of the 21-day intervention period and 24 hours
after drug administration, rats from each group were eutha-
nized, and their hearts were quickly harvested, rinsed with
phosphate-buffered saline (PBS), and trimmed to remove
the base and atrial tissues. The left ventricle was sectioned
along the long axis, and the tissue located near the base of
the left ventricle was immediately fixed in 4% paraformal-
dehyde and embedded in paraffin for sectioning (thickness:
4-5pum).

Staining and Quantification of Lesions in Aortic Artery

The aortic artery was carefully dissected under a ste-
reomicroscope and fixed in 4% paraformaldehyde for 24
hours. The lesions were stained with Oil Red O. The images
were obtained by stereomicroscopy and analyzed with Fiji.
Considering individual differences in arterial plaque as well
astheaortic artery, the percentage of atheroscleroticlesions
was determined by dividing the area of red area plaques
stained by Oil Red O by the area of the overall aortic artery
after microdissection.

Histomorphological Analysis

Histomorphological analysis was performed using hematox-
ylin and eosin (H&E) staining and Masson staining on myocar-
dial tissue samples. Sections were dewaxed and rehydrated
by immersion in eluent and ethanol. For H&E staining, sec-
tions were stained with hematoxylin for 5 minutes and eosin
for 15 seconds, washed in 1% hydrochloric acid alcohol, dehy-
drated, and fixed. All sections were observed by microscopy
and photographed with ToupView digital software. The dis-
tribution and extent of myocardial interstitial fibrosis were
observed using the horsetail pine staining method. Analysis
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was performed using 400 x 3 fields of view. The average per-
centage of fibrous tissue area to total area was measured
and calculated using Image-Pro Plus software.

Immunofluorescence

The TUNEL assay was performed to detect apoptotic cells
in the myocardial tissue. Specific steps were followed for the
TUNEL assay.

Measurement of Inflammatory Markers

Serum and myocardial levels of inflammatory markers
including IL-1, IL-6, TNF-a, NLRP3, and C-reactive protein
(CRP) were assessed using enzyme-linked immunosorbent
assay (ELISA). Additionally, ELISA was used to measure
PCSK® levelsin the myocardium.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from myocardial tissue of rats using
the TRIzol reagent (Tiangen Biotech; China; DP424) and
then reverse-transcribed to complementary DNA using the
RevertAid First Strand cDNA Synthesis Kit (Thermo, K1622).
Quantification was performed using the SYBR Green qPCR
Master Mix (Selleck, B21203). Each sample was analyzed
in triplicate using the real-time fluorescence quantitative
polymerase chain reaction instrument (Applied Biosystems,
ABI). The relative expression levels of RNA were calculated
using the 2744“*method. Primers for PCSK9, NLRP3, Caspase3,
or f-actin were used (Table 1).

Western Blot Analysis

Western blotting was performed to detect the protein
expression levels of PCSK9, NLRP3, caspase-3, and cleaved
caspase-3, using glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as a loading control. Myocardial tissues were
homogenized and lysed in radio-immunoprecipitation assay
(RIPA) buffer containing protease inhibitors. Protein concen-
tration was determined using the bicinchoninic acid (BCA)
assay, and equal amounts of protein (30-50 pg) were sepa-
rated on 10%-12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), followed by transfer onto
polyvinylidene fluoride (PVDF) membranes. Membranes
were blocked with 5% nonfat milk in Tris-Buffered Saline
with Tween-20 (TBST) for 1 hour at room temperature and
incubated overnight at 4°C with primary antibodies. The
following primary antibodies were used: cleaved caspase-3
(Rabbit, Proteintech, 25128-1-AP), caspase-3 (Rabbit,
Affinity, AF6311), NLRP3 (Rabbit, Affinity, DF15549), PCSK9
(Rabbit, Affinity, DF12687), and GAPDH (Mouse, Servicebio,
GB12002). After washing, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 hour at room temperature: goat anti-rabbit

Table 1. Primer Sequences Used for Quantitative Reverse Transcription Polymerase Chain Reaction

Primer Sequences

Gene Forward Reverse Fragment (bp)
PCSK9 GGGTGAGGGTGTCTATGCTGTCG GCTGCTGGGCTCTAAGGTTTTCC 179
NLRP3 TTGTGTGAAAAAATGAAGGACCC CTGAGCAGCACAGTGAAGTAAGG 85
Caspase3 GTATGCTTACTCTACCGCACCCG AAAGTGGCGTCCAGGGAGAAG 186
p-actin GTCGTACCACTGGCATTGTG TCTCAGCTGTGGTGGTGAAG 180

bp, base pairs.
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IgG-HRP (Servicebio, GB23303) and goat anti-mouse IgG-
HRP (Servicebio, GB23301). Protein bands were visualized
using enhanced chemiluminescence reagents and quantified
with ImagelJ software.

Sample Size Calculation

Aprioripoweranalysiswas performedusing G*Power 3.1soft-
ware to determine the minimum number of animals required
per group. Based on preliminary pilot experiments and previ-
ous reports of myocardial ischemia-reperfusion injury in dia-
betic rats, the expected effect size (f) for primary outcomes
such as myocardial fibrosis and inflammatory cytokines was
set at 0.65 (large effect). With an « error probability of 0.05
and a power (1-p) of 0.80, one-way ANOVA indicated that
a minimum of 5 animals per group was necessary to detect
statistically significant differences. To account for potential
dropouts or unsuccessful modeling, 6 rats were included in
each group (n=6).

Statistical Analysis

All data are expressed as mean + standard error of the mean.
Statistical analyses were performed using GraphPad Prism
version 10.1.2 (GraphPad Software, San Diego, CA, USA).
Differences among groups were analyzed using one-way
ANOVA followed by Tukey's post hoc test for multiple compar-
isons. A Pvalue < .05 was considered statistically significant.

RESULTS

Effects of Alirocumab and Atorvastatin on Lipid
Accumulation and Myocardial Fibrosis

As shown in Figure 1, Oil Red O staining revealed marked
lipid accumulation in the aortic artery of the T2DM+I/R
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group compared with controls. Both alirocumab and atorv-
astatin significantly reduced lipid deposition, asindicated by
a decreased Oil Red O-positive area (P <.0001), with no dif-
ference between the 2 treatments. Hematoxylin and eosin
staining showed extensive myocardial disorganization and
cellular damage in the T2DM +1/R group, which were mark-
edly improved by either treatment, restoring near-normal
myocardial structure. Masson's trichrome staining further
demonstrated substantial fibrosis in the T2DM +1/R group,
while both alirocumab and atorvastatinsignificantly reduced
fibrotic area (P < .0001), with levels approaching those of
the controls. These findings indicate that both treatments
effectively protect against lipid accumulation and myocar-
dial fibrosis following ischemia-reperfusion injury in T2DM.

Importantly, the non-diabetic I/R group also exhibited sig-
nificant lipid accumulation and fibrosis compared with con-
trols, though to a lesser extent than the T2DM +I/R group.
This observation suggests that diabetes aggravates I/R-
induced lipid deposition and fibrotic remodeling.

Given that lipid accumulation and fibrosis were profoundly
aggravated in diabetic I/R rats, the next investigation is
whether these pathological changes were accompanied by
systemic metabolic disturbances.

Effects of Alirocumab and Atorvastatin on Metabolic
Parameters

Table 2 summarizes the metabolic and biochemical param-
eters in the 5 groups (n=6 each). Compared with con-
trols, the I/R group displayed moderate increases in liver
injury markers (alanine aminotransferase [ALT], aspartate
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Figure 1. Protective effects of alirocumab and atorvastatin on myocardial ischemia-reperfusion injury in rats (n=6 per group).

(A) Macroscopic images of Oil Red O staining of hearts from Control, I/R, T2DM + /R, alirocumab, and atorvastatin groups. (B)
Quantification of the Oil Red O-positive area (%). (C) Representative hematoxylin and eosin staining images of myocardial tissue.
(D) Masson's trichrome staining of myocardial tissue. (E) Quantification of fibrosis area (%). ns, not significant; ****P <.0001.
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aminotransferase [AST]), renal markers (urea, creatinine),
and dyslipidemia (triacylglycerol [TG], total cholesterol
[CHO], LDL), along with reduced HDL. These abnormalities
were more pronounced in the T2DM +1/R group, underscor-
ing the amplifying effect of diabetes on I/R-induced organ
dysfunction. Both alirocumab and atorvastatin significantly
improved these parameters compared with untreated
T2DM +1/R rats, lowering ALT, AST, TG, CHO, LDL, ureq, and
creatinine, while partially restoring HDL. Blood glucose
was markedly higher in the T2DM +1/R group than in con-
trols, whereas the I/R group showed intermediate values.
Alirocumab and atorvastatin significantly reduced glucose
levels compared with untreated T2DM +1/R rats, although
values remained above those of controls. Collectively, these
results indicate that both therapies alleviate metabolic dis-
turbances and organinjury associated withI/Rinthe diabetic
state. All valuesin Table 2 are presented as fasting measure-
ments with standard units.

To further delineate these systemic metabolic alterations,
specific markers in both serum and myocardial tissue were
analyzed.

Effects of Alirocumab and Atorvastatin on Metabolic
Markers in Serum and Myocardium

Figure 2 presents serum and myocardial levels of free fatty
acids (FFAs), glycosylated hemoglobin (GHb), insulin, and
C-peptide. In T2DM+I/R rats, FFAs and GHb levels were
markedly elevated (P < .0001), reflecting severe metabolic
dysregulation, while both treatments significantly reduced
these values toward control levels. Serum and myocar-
dial insulin and C-peptide were significantly decreased in
T2DM+1/R rats, consistent with impaired pancreatic func-
tion. Both alirocumab and atorvastatin significantly restored
insulin and C-peptide (P < .0001), though levels did not
fully normalize. No significant differences were observed
between the 2 treatment groups.

The I/R group also showed higher FFAs and GHb and lower
insulin and C-peptide than controls, though changes were
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less pronounced than in T2DM +I/R rats. These results again
suggest that diabetes amplifies I/R-induced metabolic
disturbances.

Since metabolic dysfunction is closely linked to inflamma-
tory activation, inflammatory cytokines and NLRP3 inflam-
masome activity were examined.

Effects of Alirocumab and Atorvastatin on Inflammatory
Markers and NLRP3 Inflammasome

Figure 3 shows that pro-inflammatory cytokines (/L-15, IL-6,
TNF-a) and NLRP3 inflammasome activity were significantly
increased in both serum and myocardial tissue of T2DM +I/R
rats compared with controls (P < .0001). Both treatments
significantly reduced cytokine levels and NLRP3 expression
(P < .0001), confirming strong anti-inflammatory effects.
Notably, reduction of NLRP3 activation is particularly rel-
evant, as thisinflammasome plays a pivotal role in regulating
myocardial inflammatory responses. There was no signifi-
cant difference between alirocumab and atorvastatin.

The I/R group also displayed elevated inflammatory cyto-
kines compared with controls, but the levels were consis-
tently lower than those in T2DM +I/R rats, indicating that
diabetes worsens the inflammatory response to I/R.

Given the interplay between inflammation and apoptosis
in myocardial injury, the extent of cardiomyocyte apoptosis
was assessed next.

Effects of Alirocumab and Atorvastatin on Myocardial
Apoptosis

Figure 4 demonstrates apoptotic changes in myocardial
tissue. The T2DM+I/R group showed a marked increase
in apoptosis, with significantly more TUNEL-positive cells
compared with controls (P < .0001). Both alirocumab and
atorvastatin substantially reduced apoptotic cell numbers,
restoring them closer to control values, with no significant
difference between the 2.

In addition, serum and myocardial caspase-3 levels were
markedly elevated in T2DM+I/R rats, further supporting

Table 2. Comparison of Metabolic Characteristics Among Control, I/R, T2DM +1/R, Alirocumab, and Atorvastatin Rats

Control (n=6) T2DM (n=6) I/R(n=6) Alirocumab (n=6) Atorvastatin (n=6)

ALT (U/L) 77+5 M2+7 157 +9 96+ 6 96+7

AST (U/L) 105+6 148 +9 207 +13 133+6 134 +10

GGT (U/L) 0.38 £ 0.09 0.64 +0.10 1.26 £ 018 0.79 £0.10 0.78 +0.09
TBA (umol/L) 1.86+0.21 3.55+0.42 10.09+0.72 513+0.47 5.25+0.54
Urea (mmol/L) 1.64 £0.31 2.34+0.28 5.58 +0.37 3.03+£0.29 3.08+0.46
CRE (umol/L) 0.80+0.22 1.85+0.33 6.47 +0.53 2.50+0.39 2.47 +£0.52
UA (mmol/L) 016 +£0.05 0.38 £0.06 1.09+0.22 0.56 +£0.05 0.56 £0.06
TG (mmol/L) 0.24 +£0.05 0.41+0.07 0.87+0.10 0.52+0.07 0.51+£0.01
CHO (mmol/L) 2.08+014 2.56+0.23 4.87 +0.45 3.02+0.26 3.07+0.36
HDL (mmol/L) 0.50+0.05 0.39+0.04 0.16 +£0.05 0.31+0.03 0.30+0.05
LDL (mmol/L) 015+ 0.04 0.26 +0.05 0.57+0.03 0.35+0.05 0.33+0.02
BG (mmol/L) 10.5+0.5 12.8+0.7 20.0+0.8 14.4+0.5 14.4+1.5

Data are expressed as mean + SEM.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BG, blood glucose; CHO, total cholesterol; CRE, creatinine; GGT,
y-glutamyltransferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TBA, total bile acid; TG, triacylglycerol; UA, uric acid.
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Figure 2. Effects of alirocumab and atorvastatin on serum and myocardial metabolic markers in rats (n=6 per group). (A) Serum
levels of free fatty acids (FFAs), glycosylated hemoglobin (GHb), insulin, and C-peptide in Control, I/R, T2DM +I/R, alirocumab,
and atorvastatin groups. (B) Myocardial levels of FFAs, GHDb, insulin, and C-peptide. ns, not significant; ****P < .0001.

enhanced apoptotic activity. Both treatments significantly
reduced caspase-3 (P < .0001), confirming their anti-apop-
totic effects. Thel/R group also exhibited increased apoptosis
and caspase-3 compared with controls, though the magni-
tude was less than in T2DM +1/R rats. These results highlight
the aggravating effect of diabetes on I/R-induced apoptosis.

To further clarify the molecular basis of these pathological
processes, the expression of PCSK9, NLRP3, and Caspase-3
was finally examined at both the protein and gene levels.

Effects of Alirocumab and Atorvastatin on Proprotein
Convertase Subtilisin/Kexin Type 9, NLRP3, and Caspase-3
Gene Expression

Figure 5 shows the expression of PCSK?9, NLRP3, and
Caspase-3 in myocardial tissues. In T2DM + /R rats, expres-
sion of all 3 genes was significantly upregulated compared
with controls (P < .0001), reflecting activation of inflamma-
tory (NLRP3), apoptotic (Caspase-3), and PCSK?-mediated
pathways. Both alirocumab and atorvastatin significantly
downregulated these genes compared with T2DM+I1/R (P <
.0001), with comparable efficacy.

The I/R group also showed increased expression of PCSK9,
NLRP3, and Caspase-3 relative to controls, but the levels
were consistently lower than in T2DM +1/R rats. These find-
ings support the conclusion that diabetes intensifies I/R-
induced activation of inflammatory and apoptotic pathways
and that both treatments exert cardioprotective effects by
suppressing these signals.

DISCUSSION

In this study, it was revealed that both alirocumab and ator-
vastatin provide significant cardioprotective effects in a rat
model of T2DM subjected to myocardial I/R injury. Our major
findings indicate that both treatments effectively reduced
lipid accumulation, fibrosis, inflammation, and apoptosis
in the myocardium. Specifically, alirocumab and atorvas-
tatin improved lipid and glucose metabolism, as reflected
by reductions in FFAs, HbAlc, and dyslipidemia. Moreover,
both therapies decreased pro-inflammatory cytokines and
suppressed NLRP3 inflammasome activation in serum and
myocardial tissues, underscoring their anti-inflammatory
potential. Apoptosis was also markedly reduced, as shown by
lower levels of TUNEL-positive cells and caspase-3 expres-
sion. At the molecular level, both treatments downregu-
lated the expression of genes involved in inflammation and
apoptosis, including PCSK9, NLRP3, and caspase-3. Taken
together, these findings suggest that alirocumab and ator-
vastatin confer significant protection against myocardial I/R
injury in T2DM by mitigating metabolic dysfunction, inflam-
mation, and apoptosis.

Our results are largely consistent with prior studies on the
cardioprotective effects of PCSK? inhibitors and statins. Wu
et al? demonstrated that PCSK? inhibition reduces inflam-
mation and fibrosis in myocardial infarction via the Notch?
signaling pathway, which aligns with our observation of
reduced fibrosis and inflammatory cytokines following ali-
rocumab treatment. Additionally, Huang et al? highlighted
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Figure 3. Effects of alirocumab and atorvastatin on pro-inflammatory cytokines and NLRP3 inflammasome activation (n=6 per
group). (A) Serum levels of /L-14, IL-6, TNF-a, and NLRP3 in Control, I/R, T2DM +1/R, alirocumab, and atorvastatin groups. (B)
Myocardial levels of IL-14, IL-6, TNF-a, and NLRP3. ns, not significant; ****P <.0001.

the protective effects of PCSK9 inhibition against ischemia-
reperfusion injury by modulating autophagy, consistent with
our finding that alirocumab alleviates apoptosis and meta-
bolic disturbances. Atorvastatin’s ability to reduce inflam-
mation and lipid accumulation in diabetic models has also
been widely reported,® and our study corroborates these
findings by showing improvements in lipid metabolism and
inflammatory status in myocardial tissue.

Importantly, our study extends previous research by directly
comparing alirocumab and atorvastatin within the same
diabetic I/R model. While prior work has primarily focused on
either PCSK? inhibitors or statins in isolation, our study pro-
vides a comparative perspective, demonstrating that both
therapies are equally effective in attenuating myocardial
injury. Furthermore, novel evidence that both treatments
downregulate PCSK?, NLRP3, and Caspase-3 gene expres-
sion has been provided, linking their protective effects not
only to systemic improvements but also to regulation of key
molecular pathways.

Growing evidence suggests that PCSK? plays an important
role in inflammation.?*? Elevated PCSK? has been positively
correlated with circulating CRP levels and shown to be a
stronger predictor of cardiovascular disease than LDL-C.%
Oxidized LDL can upregulate PCSK? expression and promote
the secretion of /L-1a, IL-6, and TNF-a in a dose-depen-
dent manner.?® Tang et al® reported that PCSK? silencing in

—Ly]

hyperlipidemic knockout mice reduced TLR pathway activ-
ity, thereby decreasing cytokine secretion and atheroscle-
rosis independently of cholesterol levels. Ricci et al*® further
demonstrated that PCSK? directly activates NF-kB signaling
in macrophages. These studies support our findings and sug-
gestthattargeting PCSK9 may suppressinflammatory path-
ways during myocardial I/R injury.

Another strength of this study is the comprehensive evalu-
ation of gene expression alongside histological and bio-
chemical assessments. Both alirocumab and atorvastatin
downregulated PCSK9, NLRP3, and Caspase-3 mRNA
expression, providing molecular evidence for their cardio-
protective actions. This highlights that these therapies not
only reduce circulating inflammatory markers but also regu-
late intracellular signaling pathways central to myocardial
injury. In addition, the combined use of TUNEL assays and
caspase-3 activity measurements offered a robust assess-
ment of apoptosis, reinforcing the observed anti-apoptotic
effects. This integrative approach strengthens our conclu-
sion that both treatments confer multifaceted protection
against /R injury in T2DM.

The inclusion of a non-diabetic I/R group provided new
insights into the interaction between diabetes and ischemia.
Our results showed that I/R alone induced lipid accumula-
tion, metabolic disturbances, inflammation, and apoptosis,
but these alterations were consistently more severe in the
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Figure 4. Effects of alirocumab and atorvastatin on myocardial apoptosis and caspase-3 activity (n=6 per group). (A) TUNEL

assay images (DAPI staining for nuclei and TUNEL for apoptotic cells) in myocardial tissue from Control, I/R, T2DM+I/R,
alirocumab, and atorvastatin groups. (B) Quantification of TUNEL-positive cells (fold change relative to control). (C) Serum levels

of caspase-3. (D) Myocardial levels of caspase-3. ns, not significant; ****P < .0001. DAPI, 4',6-diamidino-2-phenylindole.

diabetic setting. This confirms that diabetes amplifies myo-
cardial vulnerability to I/R injury, likely through mechanisms
involving oxidative stress, mitochondrial dysfunction, and
enhanced NLRP3 activation.**?

Although both treatments were equally effective in our
model, their mechanisms may differ. Statins exert pleiotro-
pic actions beyond lipid lowering, including improving endo-
thelial function, reducing oxidative stress, and modulating
inflammatory signaling.®® Proprotein convertase subtilisin/
kexin type 9 inhibitors, while primarily targeting cholesterol
metabolism, are increasingly recognized for their direct
anti-inflammatory and anti-apoptotic effects. Miettinen
et al** showed that PCSK? activates TLR4 signaling and

promotes cytokine release, linking PCSK9 activity to vas-
cular and myocardial inflammation.** Our observation that
PCSK®9 expression was elevated in both I/R and T2DM +1/R
groups supports this dual role in lipid metabolism and
inflammation.

The TUNEL and caspase-3 data further highlight that apop-
tosisoccursinboth non-diabetic and diabeticl/R settings but
is significantly amplified by diabetes. This is consistent with
Dai et al,* who reported that hyperglycemia enhances I/R-
induced apoptosis via caspase-3 activation.*® These findings
highlight the synergistic impact of hyperglycemia and ische-
mia and underscore the need for therapeutic approaches
addressing both metabolic and ischemic stress.
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Figure5. Effects of alirocumab and atorvastatin on mRNA expression of PCSK9, NLRP3, and caspase-3in myocardial tissues (n=6

per group). (A) Western blot analysis of PCSK9, NLRP3, and caspase-3 protein levels in control, I/R, T2DM + /R, alirocumab, and
atorvastatin groups. (B) Quantification of Western blot protein expression levels. (C) Quantitative reverse transcription
polymerase chain reaction analysis of mMRNA expression for PCSK?, NLRP3, and caspase-3. ns, not significant; ***P < .001;
***x*P < .0001.

Despite its strengths, this study has several limitations. First,
the long-term effects of alirocumab and atorvastatin were
not investigated, which limits understanding of sustained
efficacy. Second, while PCSK9, NLRP3, and Caspase-3 were
examined, other critical mechanisms such as autophagy,
oxidative stress, and mitochondrial dynamics were not
assessed. Finally, the use of a rodent model, while infor-
mative, limits direct extrapolation to humans, particularly
regarding dosage and treatment response.

e 154

Future studies should include larger sample sizes and longer
follow-up periods to evaluate sustained cardioprotective
effects. Investigating additional pathways such as autoph-
agy, oxidative stress, and mitochondrial function will further
clarify underlying mechanisms. Mostimportantly, clinical tri-
alsin human populations are essential to confirm the transla-
tional potential of alirocumab and atorvastatinin preventing
cardiovascular complicationsin T2DM, ensuring that preclin-
ical findings can be effectively appliedin clinical practice.?
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CONCLUSION

In conclusion, the present study provides evidence that
both statins and PCSK? inhibition can attenuate myocardial
I/R injury, particularly in the context of T2DM, by reducing
inflammation, apoptosis, and metabolic dysfunction. The
inclusion of the non-diabetic I/R group highlights that dia-
betes amplifies I/R-induced damage, providing mechanistic
insight into the heightened cardiovascular risk in diabetic
patients. Together, these findings underscore the transla-
tional potential of PCSK9 inhibition and statin therapy as
complementary strategies in managing diabetes-related
cardiovascular complications.

Ethics Committee Approval: This study was approved by the Animal
Ethics Committee of Baotou Central Hospital (Approval No.:
KYLL2024-099; Date: 2024-08).

Informed Consent: This study did not involve human subjects; there-
fore, informed consentis not applicable.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept — M.Z., F.L.; Design — M.Z,, F.L,;
Supervision — Y.Z.; Resources — Y.Z., M.Z.; Materials — BY., P.L.; Data
Collection and/or Processing — Y.G., Y.H., Analysis and/or
Interpretation — S.B., BY.; Literature Search — S.B., BY.; Writing —
M.Z.,F.L.; Critical Review — Y.Z., Y.Z.

Declaration of Interests: The authors have no conflicts of interest to
declare.

Funding: This study was supported by the Baotou City Health
Commission Science and Technology Plan Project (grant No.
YKD2022LHO058, 2024wsjkkj18) and the Science and Technology
Program of the Joint Fund of Scientific Research for the Public
Hospitals of Inner Mongolia Academy of Medical Sciences (grant No.
2024GLLH0461). The funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of the
manuscript.

REFERENCES

1. Blair M. Diabetes mellitus review. Urol Nurs. 2016;36(1):27-36.
[CrossRef]

2. American Diabetes Association Professional Practice Commit-
tee. Diagnosis and classification of diabetes: standards of care
in diabetes—2024. Diabetes Care. 2024,;47(Suppl 1):520-S42.
[CrossRef]

3. GBD2021Diabetes Collaborators. Global, regional,and national
burden of diabetes from 1990 to 2021, with projections of preva-
lence to 2050: a systematic analysis for the Global Burden of
Disease Study 2021. Lancet. 2023;402(10397):203-234. [CrossRef]

4. Ali MK, Pearson-Stuttard J, Selvin E, Gregg EW. Interpreting
global trends in type 2 diabetes complications and mortality.
Diabetologia. 2022;65(1):3-13. [CrossRef]

5. Wong ND, Sattar N. Cardiovascular risk in diabetes mellitus:
epidemiology, assessment, and prevention. Nat Rev Cardiol.
2023;20(10):685-695. [CrossRef]

6. Gregg EW, Sattar N, Ali MK. The changing face of diabetes
complications. Lancet Diabetes Endocrinol. 2016;4(6):537-547.
[CrossRef]

7. Shah AD, Langenberg C, RapsomanikiE, etal. Type 2 diabetes and
incidence of cardiovascular diseases: a cohort study in 1.9 million
people. Lancet Diabetes Endocrinol. 2015;3(2):105-113. [CrossRef]

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zhang et al. PCSKQi Protects Against Myocardial Ischemia-Reperfusion Injury in T2DM Rats

Emerging Risk Factors Collaboration. Sarwar N, Gao P, Sesha-
sai SR, etal. Diabetes mellitus, fasting blood glucose concentra-
tion, and risk of vascular disease: a collaborative meta-analysis
of 102 prospective studies. Lancet. 2010;375(9733):2215-2222.
[CrossRef]

Kannel WB, McGee D, Gordon T. A general cardiovascular risk
profile: the Framingham study. Am J Cardiol. 1976;38(1):46-51.
[CrossRef]

Suh DC, Choi IS, Plauschinat C, Kwon J, Baron M. Impact of
comorbid conditions and race/ethnicity on glycemic control
among the US population with type 2 diabetes, 1988-1994 to
1999-2004. J Diabetes Complications. 2010;24(6):382-391.
[CrossRef]

Sone H, Tanaka S, Tanaka S, et al. Serum level of triglycerides is
a potentrisk factor comparable to LDL cholesterol for coronary
heart disease in Japanese patients with type 2 diabetes: suba-
nalysis of the Japan Diabetes Complications Study (JDCS). J
Clin Endocrinol Metab. 2011;96(11):3448-3456. [CrossRef]

SongY, Liu X, Zhu X, et al. Increasing trend of diabetes combined
with hypertension or hypercholesterolemia: NHANES data
analysis 1999-2012. Sci Rep. 2016;6:36093. [CrossRef]

Chehade JM, Gladysz M, Mooradian AD. Dyslipidemia in type 2
diabetes: prevalence, pathophysiology, and management.
Drugs. 2013;73(4):327-339. [CrossRef]

Grundy SM, Stone NJ, Bailey AL, et al. AHA/ACC/AACVPR/
AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline
onthe management of blood cholesterol: areport of the Ameri-
can College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines. Circulation. 2018;139(25):
€1082-e1143.

Dadu RT, Ballantyne CM. Lipid lowering with PCSK? inhibitors.
Nat Rev Cardiol. 2014;11(10):563-575. [CrossRef]

Sabatine MS, Giugliano RP, Keech AC, et al. Evolocumab and
clinical outcomesin patients with cardiovascular disease. N Engl
J Med. 2017;376(18):1713-1722. [CrossRef]

Cohen JC, Boerwinkle E, Mosley TH Jr, Hobbs HH. Sequence
variations in PCSK9, low LDL, and protection against coronary
heart disease. N Engl J Med. 2006;354(12):1264-1272. [CrossRef]
Rawshani A, Rawshani A, Franzén S, et al. Risk factors, mortal-
ity, and cardiovascular outcomes in patients with type 2 diabe-
tes. N Engl J Med. 2018;379(7):633-644. [CrossRef]

Laufs U, Banach M, Mancini GBJ, et al. Efficacy and safety of
bempedoic acid in patients with hypercholesterolemia and sta-
tin intolerance. JAm Heart Assoc. 2019;8(7):e011662. [CrossRef]
Guedeney P, Giustino G, Sorrentino S, et al. Efficacy and safety
of alirocumab and evolocumab: a systematic review and meta-
analysis of randomized controlled trials. Eur Heart J.
2022;43(7):e17-e25. [CrossRef]

Wu C, Lin D, Ji J, Jiang Y, Jiang F, Wang Y. PCSK9 inhibition regu-
lates infarction-induced cardiac myofibroblast transdifferenti-
ation via Notchl signaling. Cell Biochem Biophys.
2023;81(2):359-369. [CrossRef]

Huang G, Lu X, Zhou H, et al. PCSK? inhibition protects against
myocardial ischemia-reperfusion injury via suppressing
autophagy. Microvasc Res. 2022;142:104371. [CrossRef]

Bao X, Liang Y, Chang H, et al. Targeting proprotein convertase
subtilisin/kexin type 9 (PCSK9): from bench to bedside. Signal
Transduct Target Ther. 2024;9(1):13. [CrossRef]

Le Bras M, Roquilly A, Deckert V, et al. Plasma PCSK9 is a late
biomarker of severity in patients with severe trauma injury. J
Clin Endocrinol Metab. 2013;98(4):E732-E736. [CrossRef]

Li S, Guo YL, Xu RX, et al. Association of plasma PCSK9 levels
with white blood cell count and its subsets in patients with sta-
ble coronary artery disease. Atherosclerosis. 2014;234(2):441-
445. [CrossRef]

155 m——


https://doi.org/10.7257/1053-816X.2016.36.1.27
https://doi.org/10.2337/dc24-S002
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1007/s00125-021-05585-2
https://doi.org/10.1038/s41569-023-00877-z
https://doi.org/10.1016/S2213-8587(16)30010-9
https://doi.org/10.1016/S2213-8587(14)70219-0
https://doi.org/10.1016/S0140-6736(10)60484-9
https://doi.org/10.1016/0002-9149(76)90061-8
https://doi.org/10.1016/j.jdiacomp.2009.07.001
https://doi.org/10.1210/jc.2011-0622
https://doi.org/10.1038/srep36093
https://doi.org/10.1007/s40265-013-0023-5
https://doi.org/10.1038/nrcardio.2014.84
https://doi.org/10.1056/NEJMoa1615664
https://doi.org/10.1056/NEJMoa054013
https://doi.org/10.1056/NEJMoa1800256
https://doi.org/10.1161/JAHA.118.011662
https://doi.org/10.1093/eurheartj/ehz430
https://doi.org/10.1007/s12013-023-01136-1
https://doi.org/10.1016/j.mvr.2022.104371
https://doi.org/10.1038/s41392-023-01690-3
https://doi.org/10.1210/jc.2012-4236
https://doi.org/10.1016/j.atherosclerosis.2014.04.001

Zhang et al. PCSK9i Protects Against Myocardial Ischemia-Reperfusion Injury in T2DM Rats

26.

27.

28.

29.

30.

31.

s 156

Polisecki E, Peter |, Robertson M, et al. Genetic variation at the
PCSK9 locus moderately lowers low-density lipoprotein choles-
terollevels, but does not significantly lower vascular disease risk
in an elderly population. Atherosclerosis. 2008;200(1):95-101.
[CrossRef]

Ridker PM, Rifai N, Rose L, Buring JE, Cook NR. Comparison of
C-reactive protein and low-density lipoprotein cholesterol lev-
elsin the prediction of first cardiovascular events. N Engl/ J Med.
2002;347(20):1557-1565. [CrossRef]

Liberale L, Montecucco F, Camici GG, et al. Treatment with pro-
protein convertase subtilisin/kexin type 9 (PCSK9) inhibitors to
reduce cardiovascular inflammation and outcomes. Curr Med
Chem. 2017;24(14):1403-1416. [CrossRef]

Tang ZH, Peng J, Ren Z, et al. New role of PCSK9 in atheroscle-
rotic inflammation promotion involving the TLR4/NF-xB path-
way. Atherosclerosis. 2017;262:113-122. [CrossRef]

Ricci C, Ruscica M, Camera M, et al. PCSK9 induces a pro-
inflammatory response in macrophages. Sci Rep.2018;8(1):2267.
[CrossRef]

Wannamethee SG, Welsh P, Lowe GD, et al. N-terminal pro-
brain natriuretic peptide is a more useful predictor of

32.

33.

34.

35.

36.

Anatol J Cardiol 2026; 30(3): 146-156

cardiovascular disease risk than C-reactive proteinin older men
with and without pre-existing cardiovascular disease. J Am Coll
Cardiol. 2011;58(1):56-64. [CrossRef]

Toldo S, Abbate A. The NLRP3 inflammasome in acute
myocardial infarction. Nat Rev Cardiol. 2018;15(4):203-214.
[CrossRef]

Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory ther-
apy with canakinumab for atherosclerotic disease. N Engl J
Med. 2017;377(12):1119-1131. [CrossRef]

Miettinen HE, Roén6 K, Koivusalo SB, Eriksson JG,
Gylling H. Effect of gestational diabetes mellitus on newborn
cholesterol metabolism. Atherosclerosis. 2018;275:346-351.
[CrossRef]

Dai DF, Hsieh EJ, Liu Y, et al. Mitochondrial proteome remodel-
ling in pressure overload-induced heart failure: the role of mito-
chondrial oxidative stress. Cardiovasc Res. 2012;93(1):79-88.
[CrossRef]

Ding Z, Wang X, Liu S, et al. PCSK9 expression in the ischaemic
heart and its relationship to infarct size, cardiac function, and
development of autophagy. Cardiovasc Res. 2018;114(13):1738-
1751. [CrossRef]


https://doi.org/10.1016/j.atherosclerosis.2007.12.005
https://doi.org/10.1056/NEJMoa021993
https://doi.org/10.2174/0929867324666170303123734
https://doi.org/10.1016/j.atherosclerosis.2017.04.023
https://doi.org/10.1038/s41598-018-20425-x
https://doi.org/10.1016/j.jacc.2011.02.041
https://doi.org/10.1038/nrcardio.2017.161
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1016/j.atherosclerosis.2018.06.879
https://doi.org/10.1093/cvr/cvr274
https://doi.org/10.1093/cvr/cvy128

