
Am J Transl Res 2024;16(10):5347-5356
www.ajtr.org /ISSN:1943-8141/AJTR0158773

https://doi.org/10.62347/LKIU6905

Original Article
Dynamic changes of MMPs during  
cerebral aneurysm formation in rats and  
the effect of resveratrol on MMP expression

Na Li1, Chunyan Fan2, Xiaoyi Li3, Junhua Su3

1Office of Post-graduation Education, The Second Hospital of Hebei Medical University, Shijiazhuang 050000, 
Hebei, China; 2Department of Neurology, Hebei People’s Hospital, Shijiazhuang 050000, Hebei, China; 
3Department of Clinical Laboratory, The Second Hospital of Hebei Medical University, Shijiazhuang 050000, 
Hebei, China

Received June 26, 2024; Accepted September 18, 2024; Epub October 15, 2024; Published October 30, 2024

Abstract: Objectives: To investigate the expression of matrix protein metalloenzymes (MMPs) during cerebral aneu-
rysm (CA) formation and assess the effects of resveratrol (RES) on MMP expression and CA prevention. Methods: 
Male Sprague-Dawley rats were randomly divided into three groups: sham-operated, CA, and RES groups. CA models 
were constructed by ligating the renal and carotid arteries of SD rats. The RES group received a diet mixed with 
RES (50 mg/kg), while the CA group was given normal feed; the sham-operated group underwent simulated surgery 
without ligation and received normal feed. HE staining was used to observe the pathological changes in the cerebral 
artery aneurysm wall. Immunofluorescence (IF) staining and RT-PCR were used to detect the expression of MMP-2 
and MMP-9, as well as oxidative stress markers in the cerebral artery wall tissues of rats at 1-, 2-, and 3-months 
post-surgery. Results: HE staining reveled that after ligation, the cerebral artery walls of SD rats exhibited irregular 
thickness, twisted morphology, abnormal nuclear morphology of the cells, and infiltration of inflammatory cells, 
confirming the successful establishment of CA model. Meanwhile, the infrared spectrogram of the RES purified from 
Tiger Balm closely matched that of the standard, confirming successful purification. IF staining indicated that MMP-
2 and MMP-9 levels dynamically increased over time in the vessel wall of the CA rats. Subsequently, antioxidant 
assays showed that RES treatment enhanced antioxidant capacity, with increased levels of superoxide dismutase, 
glutathione peroxidase, and catalase in the vascular wall tissue. Moreover, after 3 months of RES treatment, IF 
staining showed a marked reduction in MMP-2 and MMP-9 levels in the vessel walls of CA rats. Meanwhile, HE stain-
ing also showed improvements in the wall structure, with a more intact wall and an increased vascular endothelial 
cell density. Conclusions: RES effectively inhibits the expression of MMP-2 and MMP-9, thereby preventing and 
delaying the development of CA.
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Introduction

Cerebral aneurysm (CA) is characterized by 
abnormal bulge in the wall of an arterial blood 
vessel, influenced by a combination of genet-
ics, environment, and lifestyle factors [1]. The 
global prevalence of CA is rising annually, with 
an increased incidence among younger popula-
tions [2]. When a CA ruptures, it can lead to 
acute neurological symptoms such as severe 
headaches and loss of consciousness, posing 
an immediate threat to the patient’s life [3]. 
Even in the absence of rupture, CA can lead  
to cerebral ischemia, presenting as headaches, 

facial paralysis, and visual or speech problems. 
Additionally, direct compression by CA on neu-
ral structures may result in neurological dam-
age such as hearing loss and facial paralysis 
[4]. This has heightened clinical concern regard-
ing the pathogenesis and risks associated with 
CA, thus driving the pursuit of novel prevention 
and treatment strategies.

Among the various factors contributing to CA de- 
velopment, matrix metalloproteinases (MMPs) 
have gained significant attention [5]. These 
enzymes are crucial for degradation and remod-
eling of the extracellular matrix and are involved 
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in processes such as cell migration, tissue re- 
pair, development, and inflammation [6]. Re- 
search has increasingly focused on MMPs,  
particularly MMP-2 and MMP-9, due to their 
involvement in arterial wall remodeling and 
inflammatory responses, which may accelerate 
CA formation [7]. Tao et al. [8] demonstrated 
that elevated MMP levels in an atherosclerosis 
rat model contributed to aneurysm formation 
and rupture. Therefore, targeting MMPs could 
be a viable strategy to prevent and inhibit CA 
development.

Recent studies have explored the potential of 
natural products to inhibit MMP-2 and MMP-9 
activity. For example, flavonoids in quercetin, 
kaempferol, and hawthorn demonstrate inhi- 
bitory activity against MMP-2 and -9. Hilliard et 
al. [9] showed that they exhibit specific hetero-
geneous activity at micromolar concentrations. 
Similarly, green tea polyphenols also exhibit 
MMP inhibitory activity, demonstrating poten-
tial therapeutic effects on CA [10, 11]. However, 
challenges such as low bioavailability, poor  
stability, significant side effects, and complex 
structure limit the application of these natural 
products in experimental and therapeutic appli-
cations. Resveratrol (RES), a natural polyphe-
nol present in red grapes, blueberries, peanuts, 
and red wine, is known for its antioxidant, anti-
inflammatory, and anti-cancer properties [12]. 
Relevant studies have found that RES may 
reduce the damage of inflammatory factors on 
blood vessel walls through its powerful antioxi-
dant and anti-inflammatory effects [13]. More- 
over, RES has been reported to inhibit MMP-2 
and -9 activities, thereby maintaining blood 
vessel wall stability [14]. In addition, it has also 
been shown to inhibit platelet aggregation, pro-
mote vascular endothelial cell function, and 
enhance blood vessel elasticity, offering fur-
ther protective benefits [15]. Therefore, RES 
may be a promising candidate for inhibiting CA 
development.

Given the limited research on RES’s role in CA 
development, this study aims to explore the 
involvement of MMPs in CA formation and 
assess whether RES can intervene in CA devel-
opment by inhibiting MMP-2 and -9 expres-
sions. A deeper understanding of these molec-
ular mechanisms is expected to provide new 
directions for the early prevention and treat-
ment of CA, potentially improving patient out-
comes and quality of life.

Materials and methods

Materials and animals

Anti-MMP2 antibody (ab92536), anti-MMP9 
antibody (ab76003), anti-superoxide dismuta- 
se (SOD) antibody (ab80946), anti-glutathione 
peroxidase (GSH-Px) antibody (ab108427), and 
anti-catalase (CAT) antibody (ab209211), DAPI 
(ab285390), FITC (ab6717) Alexa Fluor® 568 
(ab175471), Alexa Fluor® 647 (ab150079), and 
Alexa Fluor® 488 (ab150077) were all pur-
chased form Abcam, USA. In addition, 45 male 
Sprague-Dawley (SD) rats weighing approxi-
mately 300 g were selected for the establish-
ment of CA models. The animals were individu-
ally fed in the animal center under a controlled 
climate (24°C, 30 to 60% humidity) with free 
access to standard diet and drinking water. 
This study was approved by the Ethics Com- 
mittee of Hebei Medical University. All experi-
ments were conducted in accordance with the 
guidelines outlined in the Animal Research: 
Reporting of in vivo Experiments [ARRIVE] gui- 
delines. 

Preparation of RES

RES was extracted from tiger nut root in the fol-
lowing steps: 1) Grinding and pulverization: the 
roots were ground and pulverized to increase 
the extraction efficiency and the surface area. 
2) Solvent extraction: the grounded samples 
were extracted with 70% ethanol in a material-
to-liquid ratio of 1:20. 3) Ultrasonic extraction: 
the mixture was subjected to ultrasonic treat-
ment for 1 h to accelerate the extraction pro-
cess and increase the extraction efficiency. 4) 
Filtration and concentration: the extract was 
filtered through a filter or centrifuge to remove 
suspended matter and impurities. Then, the 
extract was concentrated by rotary evaporation 
at 50°C to obtain the crude RES extract. 5) 
Purification: the crude extract was further pro-
cessed by adding twice the volume of petro-
leum ether. The petroleum ether phase was col-
lected and the extraction repeated until the 
petroleum ether was colorless. 6) Drying: The 
petroleum ether was removed by rotary evapo-
ration at 40°C, and the remaining was dried in 
a blast dryer at 50°C to obtain RES. The con-
centration of RES in the samples was deter-
mined using high performance liquid chroma-
tography technique (HPLC).
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Fourier transform infrared spectroscopy (FTIR) 
of RES

A small amount of the extracted RES was ana-
lyzed using a Fourier transform infrared spec-
trometer (INVENIO, Spectral Quality Analysis 
and Detection Technology Co., Ltd., Shanghai, 
China). The analysis was conducted with refer-
ence to a standard RES sample to ensure accu-
racy in spectral comparison.

Construction of CA models

After anesthesia by intraperitoneal injection of 
sodium pentobarbital (50 mg/kg), SD rats were 
fixed on the operating table. Subsequently, the 
surgical area was disinfected, and the posterior 
branches of the bilateral renal arteries and the 
left common carotid artery were exposed and 
ligated to induce the formation of CA [16]. In the 
sham operation group, the renal arteries and 
the left carotid artery were only exposed with-
out ligation. Postoperatively, the rats’ tempera-
ture, pulse, and respiration were continuously 
monitored until extubation. After extubation, 
their vital signs were recorded every 5 minutes 
until they regained mobility. Comprehensive 
postoperative care, including appropriate anal-
gesia, anti-infection, and monitoring of fecal 
production and food intake, was provided for  
3 days postoperatively to assess the recovery 
of their overall body condition. Finally, the rats 
were divided into sham-operated and CA gro- 
ups. The rats in the sham-operated group were 
fed in 3 cages, with 5 rats in each group, cor-

responding to 1-, 2-, and 3-month groups, and 
those in CA group were also fed in three cages, 
corresponding to 1-, 2-, and 3-month groups, 
with 10 rats in each group.

Anti-aneurysm effects of RES

RES feeding: To evaluate the anti-aneurysm 
effects of resveratrol (RES), 50% of the rats in 
the CA group were randomly assigned to the 
RES group. The rats were fed a diet supple-
mented with RES (50 mg/kg) [17] (Figure 1), 
and the remaining rats in CA and sham-operat-
ed groups were given normal diets.

HE staining of aneurysm specimens: At 1, 2, 
and 3 months postoperatively, rats from the 
sham-operated, CA, and RES groups were 
deeply anesthetized by tail vein injection with 
excess sodium pentobarbital (100 mg/kg) for 
euthanasia. Then, the brain of each rat was 
removed by craniotomy and the formation of 
intracranial aneurysms was carefully observed 
under a microscope. The vascular tissue at the 
site of aneurysm formation was excised, fixed, 
washed and dehydrated before being embed-
ded in paraffin. Sections of 4 microns were pre-
pared, deparaffinized, stained with hematoxylin 
and eosin (HE), and rehydrated for microscopic 
examination of the pathological changes asso-
ciated with CA.

Immunofluorescence (IF) staining: Sections of 
rats in each group were dewaxed, dehydrated, 
and labelled with anti-MMP-9 antibody to 
detect MMP-9 in the vessel wall. After incuba-

Figure 1. Mechanism of RES in preventing progression of CA. Note: RES: resveratrol; CA: aneurysm; MMP-2: matrix 
protein metalloenzyme - 2; MMP-9: matrix protein metalloenzyme - 9.
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Table 1. PCR primer information
MMP-2 5’ forward 3’ CTGATAACCTGGATGCAGTCGT

3’ reverse 5’ CCAGCCAGTCCGATTTGA
MMP-9 5’ forward 3’ TTCAAGGACGGTCGGTATT

3’ reverse 5’ CTCGAGCCTAGACCCAACTTA
GAPDH 5’ forward 3’ AAGAAGGTGGTGAAGCAGGC

3’ reverse 5’ TCCACCACCCTGTTGCTGTA
Note: MMP-2: matrix protein metalloenzyme - 2; MMP-9: 
matrix protein metalloenzyme - 9; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase.

tion overnight at 4°C, fluorescein isothiocya-
nate (FITC) was added as the secondary anti-
body to form a fluorescently labelled complex. 
Simultaneously, DAPI (ab285390) was used to 
stain the cell nuclei. Finally, the sections were 
observed using a confocal microscope and flu-
orescent images were captured. The levels of 
MMP-2 in the vessel wall were measured by the 
same method, in which anti-MMP2 and FITC 
were used as primary and secondary antibod-
ies, respectively. Finally, the levels of MMP-9 
and -2 in the vessel wall of rats in each group 
were measured by PCR for quantitative analy-
sis (Table 1).

Antioxidant function of RES: Sections from 
each group were de-paraffinized, rehydrated, 
and subsequently labeled with anti-SOD, anti-
GSH-Px, and anti-CAT antibodies to assess  
the level of oxidative stress within the vessel 
wall. Meanwhile, Alexa Fluor® 568, Alexa Fluor® 
647, and Alexa Fluor® 488 conjugated fluores-
cent secondary antibodies were added. Con- 
focal microscopy was used to observe the sec-
tions and capture fluorescent images. Finally, 
SOD, GSH-Px, and CAT levels of rats in each 
group were quantified using PCR (Table 1).

Statistical analysis

Data were collected from at least three inde-
pendent experiments and analyzed using 
GraphPad Prism7 (GraphPad Prism software, 
San Diego, CA, USA). All data were presented as 
the mean ± standard deviation (SD). The stu-
dent’s t-test was applied to assess significant 
differences between groups. Statistical signifi-
cance was determined at P < 0.05.

Results

FTIR of RES

Comparison with standard RES spectrograms 
confirmed that our extracted RES closely ma- 

tched the reference. As shown in Figure 2, both 
samples had similar absorption peaks near 
3250 cm-1, characteristic of the alcohol pheno-
lic hydroxyl group in RES. In addition, absorp-
tion peaks near 1630, 1604, 1510, and 1458 
cm-1, corresponding to the benzene ring vibra-
tions in RES, were similarly observed. A distinc-
tive absorption peak at 962 cm-1, indicative of 
trans -C=C- bonds, was also noted. While the 
extraction of RES from Tiger Balm was success-
ful, the relatively low concentration of RES in 
the samples likely resulted in weaker absorp-
tion peaks in their infrared spectra.

HE staining of rat arterial rings in each group

Compared with the pathological sections of the 
rats in the sham-operated group (Figure 3A), 
the vascular walls of the rats in CA group 
showed irregular thickness and twisted mor-
phology, and the nuclei of the cells were abnor-
mally shaped, showing enlargement, anisotro-
py, or hyper-staining. Meanwhile, damaged and 
degenerated elastic fibers were noted within 
the vascular walls, along with the presence of 
inflammatory cell infiltration in the local tissues 
(Figure 3B). These observations confirm that 
the successful establishment of the CA model.

Markedly elevated MMP-2 and -9 levels were 
found in CA models

IF staining revealed that MMP-2 and -9 levels in 
the cytoplasm of endothelial cells of CA rats 
were markedly elevated compared with those 
of the sham-operated group (Figure 4A, 4B). In 

Figure 2. FTIR of RES extracted from tiger nut root. 
Note: FTIR: Fourier transform infrared spectroscopy; 
RES: resveratrol.
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Figure 3. Rat vascular wall morphology in the sham-operated (A) and CA 
groups (B) examined by HE staining (40 μm). Note: CA: cerebral aneurysm.

addition, PCR quantification revealed the same 
results, showing a time-dependent increase in 
MMP-2 and -9 levels, with a significantly higher 
level at the third month after modeling than 
that at the first month (Figure 4C, 4D). This indi-
cates that MMP-2 and -9 levels dynamically 
increase during CA formation.

RES exhibited notable antioxidant effects

The generation of oxygen free radicals has a 
promotional effect on MMP levels and activity; 
therefore, monitoring the degree of oxidative 
stress can be effective in assessing the level of 
MMP activity. IF staining demonstrated that the 
levels of SOD, GSH, and CAT in the vessel wall 
tissue of CA rats were markedly lower than 
those in the sham-operated group, indicating 
decreased antioxidant capacity. In contrast, 
RES effectively improved the antioxidant ca- 
pacity of CA rats, as evidenced by markedly 
improved levels of these enzymes (Figure 5A-I). 
Quantitative analysis of the fluorescence in- 
tensity confirmed these findings (Figure 5J). 
Therefore, RES can effectively improve the anti-
oxidant capacity of CA rats.

RES effectively reduced MMP-2 and -9 levels 
in CA rats

To further clarify whether RES reduces the lev-
els of MMP-2 and -9, we examined their levels 
in the vessel walls of RES-fed CA rats. IF stain-
ing showed that RES feeding effectively reduced 
the levels of the above indexes in the vessel 
wall of CA rats (Figure 6A, 6B). PCR showed the 
same results, and a more pronounced reduc-
tion in MMP-2 and -9 levels after three months 
of RES feeding compared to one month (Figure 
6C, 6D), suggesting that RES reduced MMP-2 

and -9 levels in a time-depen-
dent manner.

RES was effective in prevent-
ing CA

HE staining demonstrated  
significant improvements in 
the vascular wall tissues of  
CA rats following RES supple- 
mentation. Notable changes 
included increased regularity 
of the vascular lumen, a more 
intact vessel wall, and an in- 
creased number of endotheli-

al cells (Figure 7). These results indicate that 
RES can effectively delay the development of 
CA.

Discussion

Resveratrol (RES) is a naturally occurring poly-
phenolic compound found in various plants, 
renowned for its diverse biological functions 
including antioxidant, anti-tumor, and neuropro-
tective effects [18, 19]. This study focuses on 
exploring RES’s effect on MMP-2 and -9 levels 
during CA formation and assess its potential 
effectiveness in CA prevention and treatment. 
We successfully extracted RES from Tiger Balm 
and confirmed its purity through FTIR analysis, 
which revealed characteristic absorption peaks 
at 3250, 1630, 1604, 1510, 1458, and 962 
cm-1. These characteristic absorption peaks 
confirmed the successful extraction of RES, 
providing a reliable foundation for exploring its 
biological effects in CA treatment.

In this study, an aneurysm model was con-
structed by ligating the renal and carotid arter-
ies. HE staining revealed pathological changes 
in the aneurysm wall, including thinning, unclear 
structural boundaries, and inflammatory cell 
infiltration, confirming the successful establish-
ment of the CA model. Meanwhile, MMP-2 and 
-9, normally present at low levels and involved 
in extracellular matrix remodeling and repair, 
were significantly elevated in the aneurysm wall 
of the CA model. The reason may be attributed 
to altered intravascular hemodynamics after 
ligation of the renal arteries, causing the onset 
of stress-induced damage and structural 
changes in the arterial wall, while MMP-2 and 
-9, which degrade and remodel extracellular 
matrix proteins, are upregulated to facilitate 
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Figure 4. Detection of MMP-2 and MMP-9 levels in CA rats. A: Fluorescent staining of nuclei, MMP-9, and both com-
bined in the endothelial cells of rats in the sham-operated and CA groups. B: Fluorescent staining of nuclei, MMP-2, 
and both combined in the endothelial cells of rats in the sham-operated and CA groups. C, D: Comparison of PCR 
quantification results for MMP-2 and -9. #P > 0.05, **P < 0.01, ***P < 0.001. Scale bar: 5 μm. n=5. Note: MMP-2: 
matrix protein metalloenzyme - 2; MMP-9: matrix protein metalloenzyme - 9; CA: cerebral aneurysm.

matrix remodeling and aneurysm formation 
[20, 21]. Further, elevated MMP-2 and MMP-9 
activity supports endothelial and smooth mus-
cle cell migration, adhesion, and proliferation, 
contributing to aneurysm development through 
matrix changes and neovascularization [22, 
23]. Therefore, a significant increase in MMP-2 
and -9 within the aneurysm wall plays an impor-
tant role in enabling endothelial and smooth 
muscle cells to cooperatively remodel the peri-
aneurysm tissue, including matrix changes and 
neovascularization. Moreover, early aneurysm 
formation may also be linked to vessel wall inju-

ry or inflammation, with endothelial cells pro-
ducing inflammatory mediators that amplify 
local inflammation and MMP activity [24-26]. 
Therefore, excessive MMP-2 and -9 activity is 
associated with vessel wall inflammation, dis-
ruption, and aneurysm formation.

RES administration significantly enhanced anti-
oxidant capacity in CA rats and led to a marked 
reduction in MMP-2 and MMP-9 levels. This 
effect is likely due to RES’s ability to mitigate 
oxidative stress and inflammation. During ane- 
urysm formation, inflammatory stimuli and met-
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Figure 5. Evaluation of RES antioxidant func-
tion. A-C: Comparison of SOD levels among sh-
am-operated, CA, or RES groups. D-F: Compari-
son of GSH levels among sham-operated, CA, 
or RES groups. G-I: Comparison of CAT levels 
among sham-operated, CA, or RES groups. J: 
Quantitative analysis of fluorescence intensity 
of SOD, GSH and CAT. ***P < 0.001. Scale 
bar: 20 μm. Note: CA: cerebral aneurysm; RES: 
resveratrol; SOD: superoxide dismutase; GSH-
px: glutathione peroxidase; CAT: catalase.

abolic abnormalities generate excessive oxy-
gen free radicals, causing vascular endothelial 
cell damage, collagen degradation, and inflam-
matory responses. These oxygen free radicals 

further activate MMPs, exacerbating matrix 
degradation and remodeling [27, 28]. RES’s 
antioxidant properties reduce free radicals pro-
duction, thereby decreasing the level of oxida-
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Figure 6. Detection of MMP-2 and MMP-9 levels in RES-fed CA rats. A: Fluorescent staining of nuclei, MMP-9, and 
both combined in the endothelial cells of rats in the CA and RES groups (at 1st and 3rd month). B: Fluorescent stain-
ing of nuclei, MMP-2, and both combined in the endothelial cells of rats in the CA and RES groups (at 1st and 3rd 
month). C, D: Comparison of PCR quantification results for MMP-2 and -9. #P > 0.05, **P < 0.01, ***P < 0.001. 
Scale bar: 5 μm. n=5. Note: MMP-2: matrix protein metalloenzyme - 2; MMP-9: matrix protein metalloenzyme - 9; 
CA: cerebral aneurysm; RES: resveratrol.

tive stress and inflammation, and mitigating 
MMPs overactivation [19, 29]. In addition, it 
has been suggested that RES may affect the 
synthesis and activity of MMP-2 and -9 by 
directly or indirectly regulating their gene ex- 
pression [30, 31]. Therefore, RES not only 
markedly reduced MMP-2 and -9 levels in CA 
rats but also enhanced the in vivo antioxidant 
level, positively impacting CA prevention.

However, this study has some limitations. First, 
while RES’s effects on MMPs during CA forma-
tion were investigated, the carrier used for RES, 
which may affect its stability and bioavailability 
in vivo, was not considered. Second, no positive 
control drug group, such as doxycycline, was 
included to further assess RES’s anti-CA 
effects. Third, the study did not explore the 
anti-inflammatory effects of RES, which are 
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Figure 7. Rat vascular wall tissue morphology in the sham-operated (A), CA (B), and RES groups (C) examined by HE 
staining (60 μm). Note: CA: cerebral aneurysm; RES: resveratrol.

important in CA formation. Finally, the relatively 
short study duration limited the ability to fully 
evaluate the long-term effects of RES on CA 
treatment. Therefore, future studies should 
take these factors into account more compre-
hensively to fully assess the effects and mech-
anisms of RES as a potential therapeutic agent 
for CA.

Conclusion

In conclusion, during the formation of CA, the 
levels of MMP-2 and -9 are dynamically elevat-
ed and lead to the destruction and degenera-
tion of elastic fibers in the aneurysm wall, caus-
ing remodeling of the vessel wall. RES has sig-
nificant antioxidant effects and can effectively 
reduce the level of oxidative stress within the 
aneurysm wall. Meanwhile, RES can also effec-
tively inhibit the expression of MMP-2 and -9, 
thus preventing and delaying the occurrence of 
CA.
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