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RESUMO 

O aumento da atividade da metaloproteinase de matriz-2 (MMP-2) está implicado nas 

alterações bioquímicas na disfunção vascular. Evidências demonstraram que a MMP-

2 ativa vias pró-oxidantes, o que pode levar à disfunção endotelial e aumento da 

vasoconstrição. Dessa forma, os compostos antioxidantes poderiam prevenir danos 

vasculares ao endotélio e à musculatura lisa vascular. A N-acetilcisteína (NAC) é um 

antioxidante que funciona como eliminador de radicais livres e precursor da síntese 

de glutationa reduzida e pode modular o estado redox. Portanto, este estudo levanta 

a hipótese de que o aumento sistêmico da MMP-2 promove estresse oxidativo no vaso 

e que o tratamento com o antioxidante N-acetilcisteína pode prevenir o desequilíbrio 

redox. Assim, este estudo teve como objetivo avaliar o efeito da NAC no estresse 

oxidativo vascular induzido pelo aumento sistêmico da MMP-2 em camundongos 

adultos. O estudo foi aprovado pelo CONCEA-UFPA nº. 3610090519. A MMP-2 foi 

obtida através de expressão bacteriana e purificação em coluna cromatográfica. 

Camundongos C57BL/6 adultos com 8 semanas de idade (n=32) foram divididos em 

quatro grupos (n=8): solução salina (solução salina i.p.); MMP-2 (1,2 μg/g animal i.p); 

NAC (40 mg/kg animal via oral) e NAC 40 mg/kg i.p + MMP-2 (1,2 μg/g animal i.p). O 

tratamento com NAC e a administração de MMP-2 ocorreram concomitantemente 

durante 4 semanas. Após esse período, os animais foram eutanasiados e a aorta 

torácica foi coletada para análise bioquímica. A expressão e atividade da MMP-2 

foram determinadas por zimografia in situ e imunofluorescência para MMP-2. Os 

níveis de ROS foram determinados pelo ensaio DHE. Os níveis dos indicadores de 

estresse oxidativo e das enzimas de defesa antioxidante foram determinados por 

testes bioquímicos para avaliação dos níveis de nitrito, TBARS, SOD, Catalase e 

glutationa total. Também medimos a expressão de Nitrotirosina, Nrf2 e iNOS por 

imunofluorescência. Para as análises estatísticas foi utilizado o programa GraphPad 

Prism ® 9.0 (GraphPad Software, San Diego, CA, EUA), sendo realizados o teste 

ANOVA a dois critérios e o pós-teste de Tukey. Os resultados foram expressos como 

média ± erro padrão da média (EPM), considerando p<0,05 estatisticamente 

significativo. O tratamento com NAC reduziu significativamente a atividade 

gelatinolítica e a expressão de MMP-2 in situ na aorta, prevenindo o desequilíbrio 

redox ao reduzir os níveis vasculares de ERO, modulando o sistema antioxidante, 

reduzindo os níveis de nitrito e iNOS e mantendo a expressão significativa de eNOS. 



Nossos resultados sugerem que o NAC previne o desequilíbrio redox induzido pelo 

aumento sistêmico da MMP-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Palavras-chave: Desbalanço redox, Aorta, MMP-2, Antioxidante, N-acetilcisteína.  



ABSTRACT 

Increased matrix metalloproteinase-2 (MMP-2) activity is implicated in the biochemical 

changes in vascular dysfunction. Evidence demonstrated that MMP-2 activates pro-

oxidant pathways, which can lead to endothelial dysfunction and increased 

vasoconstriction. This way, antioxidant compounds could prevent vascular damage to 

the endothelium and vascular smooth muscles. N-acetylcysteine (NAC) is an 

antioxidant that functions as a free radical scavenger and precursor to synthesizing 

reduced glutathione and can modulate the redox state. Therefore, this study 

hypothesizes that the systemic increase in MMP-2 promotes oxidative stress in the 

vessel and that treatment with the antioxidant N-acetylcysteine can prevent redox 

imbalance. Thus, this study aimed to evaluate the effect of NAC on vascular oxidative 

stress induced by systemic increase in MMP-2 in adult mice. The study was approved 

by CONCEA-UFPA nº. 3610090519. MMP-2 was obtained through bacterial 

expression and purification using a chromatographic column. Adult C57BL/6 mice 

aged 8 weeks (n=32) were divided into four groups (n=8): saline (i.p. saline); MMP-2 

(1,2 μg/g animal i.p); NAC (40 mg/kg animal p.o.) and NAC 40 mg/kg i.p + MMP-2 (1.2 

μg/g animal i.p). NAC treatment and MMP-2 administration occurred concomitantly for 

4 weeks. After this period, the animals were euthanized, and the thoracic aorta was 

collected for biochemical analysis. MMP-2 expression and activity were determined by 

in situ zymography and immunofluorescence for MMP-2. ROS levels were determined 

by DHE assay. The levels of oxidative stress indicators and antioxidant defense 

enzymes were determined by biochemical tests to assess the levels of nitrite, TBARS, 

SOD, Catalase and total glutathione. We also measured the expression of 

Nitrotyrosine, Nrf2, eNOS and iNOS by immunofluorescence. The GraphPad Prism ® 

9.0 program (GraphPad Software, San Diego, CA, USA) was used for statistical 

analyses, and the two-way ANOVA test and Tukey post-test were performed. The 

results were expressed as the mean ± standard error of the mean (SEM), considering 

p<0.05 statistically significant. Treatment with NAC significantly reduced gelatinolytic 

activity and MMP-2 expression in situ in the aorta, preventing redox imbalance by 

reducing vascular ROS levels, modulating the antioxidant system, reducing nitrite and 

iNOS levels, and maintaining significant eNOS expression. Our results suggest that 

NAC prevents redox imbalance induced by systemic increase in MMP-2. 
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1. VISÃO INTEGRADORA DO PROBLEMA 

Os antioxidantes são compostos capazes de neutralizar radicais livres por meio 

de doação de equivalentes redutores para reduzir a sobrecarga e os níveis de 

substratos envolvidos na geração espécies reativas de oxigênio e nitrogênio (RONS). 

O estresse oxidativo é o produto do desbalanço redox causado pelo aumento de 

radicais livres e diminuição das respostas antioxidantes (BIELLI et al., 2015; KATHY 

K. GRIENDLING; MASUKO USHIO-FUKAI, 1998). A disfunção vascular está 

diretamente ligada ao estresse oxidativo (OBRADOVIC et al., 2020). A geração de 

EROs na vasculatura tanto pela redução do oxigênio quanto pela atividade 

desequilibrada dos sistemas enzimáticos como a NADPH oxidase e a xantina oxidase 

levam a interação de EROs com o óxido nítrico (NO) vascular (PARAVICINI; TOUYZ, 

2008; VIRDIS; DURANTI; TADDEI, 2011). A diminuição da biodisponibilidade do NO 

pela formação do peroxinitrito através da reação com o ânion superóxido leva a 

disfunção vascular e endotelial ocasionando também dano lipídico oxidativo e 

nitrosilação de proteínas (HSIEH et al., 2014). O NO é produzido por uma família de 

enzimas chamadas óxido nítrico sintases (NOS). As NOS vasculares envolvem a 

óxido nítrico sintase endotelial (eNOS/NOS3) e a induzível (iNOS/NOS2) 

(FÖRSTERMANN; SESSA, 2012). Durante o desenvolvimento da disfunção vascular, 

a iNOS é regulada positivamente por meio das respostas as EROS e aos agentes 

inflamatórios agravando o status disfuncional da vasculatura (GUNNETT et al., 2005). 

Evidências já demonstraram que o estresse oxidativo está envolvido no 

comprometimento da saúde vascular e no aparecimento de doenças vasculares (AL 

GHOULEH et al., 2011; TANIYAMA; GRIENDLING, 2003). Patologias como a 

hipertensão, aterosclerose, aneurisma e dissecção da aorta torácica e doença 

vascular periférica são as principais causas de morbimortalidade no mundo 

acometendo mais de 1,28 bilhões de indivíduos no mundo e gastos globais somando 

cerca de US$ 51.2 bilhões por ano (TSAO et al., 2023; XIE et al., 2016). Foi 

demonstrado que nas doenças vasculares, como hipertensão e aneurisma da aorta, 

os níveis circulantes de MMP-2 estão aumentados nestes pacientes (CIONE et al., 

2020; DEROSA et al., 2006; GOODALL et al., 2001). Consistentemente já foi 

demonstrado que a MMP-2 especificamente participa da gênese, progressão e 

agravamento das doenças vasculares (BARBOUR et al., 2006; EUGSTER et al., 

2005). 
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A MMP-2 é uma gelatinase dentro da classe das metaloproteinases da matriz 

extracelular (MMPs) capaz de degradar substratos da matriz extracelular, como 

colágeno, elastina, fibronectina e laminina e substratos não matriciais (CUI; HU; 

KHALIL, 2017; NAGASE; VISSE; MURPHY, 2006). Estudos sugerem que o aumento 

da atividade da MMP-2 contribui para o remodelamento hipertrófico e eutrófico arterial, 

bem como a hipertrofia e hiperplasia das CMLV na hipertensão (CASTRO et al., 2008, 

2009, 2012; GUIMARAES et al., 2011). A MMP-2 pode contribuir para o aumento do 

tônus vascular pela clivagem proteolítica de peptídeos vasoativos como o peptídeo do 

gene relacionado a calcitonina e adrenomedulina, como também a porção extracelular 

do receptor β2 adrenérgico, diminuindo a sinalização vasodilatadora (FERNANDEZ-

PATRON et al., 2000; FERNANDEZ-PATRON; RADOMSKI; DAVIDGE, 1999; 

RODRIGUES et al., 2010). 

A atividade da MMP-2 é regulada positivamente pelo estresse oxidativo. Em 

níveis pós traducionais a MMP-2 é ativada por peroxinitrito sem a clivagem do seu 

propeptídeo, interrompendo sua latência. De fato, concentrações elevadas de 

peroxinitrito induz a s-glutatiolação do resíduo de cisteína presente no sítio catalítico 

da MMP-2 (OKAMOTO et al., 2001; VIAPPIANI et al., 2009). Prado et al., mostrou que 

a MMP-2 não só é ativada por EROs como também ativa vias pró-oxidantes que 

prejudicam o estado redox vascular. A MMP-2 pode clivar o fator de crescimento 

epidermal ligado a heparina ativando uma cascata de sinalização a jusante ativando 

a NADPH oxidase e consequentemente aumentando as EROs vasculares e a 

contratilidade vascular (PRADO et al., 2018). Barhoumi et al., demonstrou que a MMP-

2 especificamente é necessária para o estresse oxidativo vascular via Ang-II, levando 

à disfunção endotelial, remodelação, estresse oxidativo e inflamação vascular 

(BARHOUMI et al., 2017). Desta forma, a utilização de compostos antioxidantes 

seriam opções viáveis para contribuir para a redução desse mecanismo de feedback 

entre MMP-2 e EROs, já que o aumento na produção de EROs levaram a várias 

alterações na atividade de inúmeras proteínas alvo, como a glutationilação da MMP-

2 e no desacoplamento da eNOS e expressão de iNOS na disfunção vascular 

(SUGAMURA; KEANEY, 2011; XIA et al., 2006). 

Nesse sentido, a N-acetilcisteína (NAC) um fármaco utilizado na prática clínica 

desde 1960 como agente mucolítico, tem sido investigada como agente antioxidante 

pelo seu efeito como precursor da glutationa reduzida (RAGUE, 2021). A glutationa 
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(GSH) é um tripeptídeo que é sintetizado e mantido em altas concentrações nas 

células. Para isso, nessa etapa sintética, a NAC penetra na membrana celular por 

meio da hidrólise em cisteína, conjugando-se com o l-glutamato e l-glicina formando 

a glutationa reduzida (GSH) (SAMUNI et al., 2013). Além da GSH, existe a glutationa 

oxidada (GSSH), que é subproduto de reações enzimáticas envolvendo a GSH. A 

GSSH é reciclada em GSH pela enzima glutationa redutase (GR) ou exportada para 

fora da célula para manter o equilíbrio redox intracelular entre GSH e GSSG. A GSH 

é capaz de oferecer equivalentes redutores para as EROs por meio do seu grupo 

sufidrila livre para apoiar a atividade da glutationa peroxidase, além de reagir com o 

ânion superóxido, atuando em conjunto com as superóxidos dismutases (SODs) 

(ATES; ABRAHAM; ERCAL, 2008; RUSHWORTH; MEGSON, 2014). Mudanças no 

estado redox intracelular têm sido implicados nas doenças vasculares. Estudos 

mostraram que na doença vascular periférica os níveis de GSSH estão aumentados 

em comparação aos de GSH, devido ao desbalanço redox principalmente(PRASAI et 

al., 2018). A síntese prejudicada da glutationa, por exemplo, foi implicada a 

progressão da aterosclerose pelo estresse oxidativo (BARAJAS-ESPINOSA et al., 

2014; CHEN et al., 2010; HUA CAI AND DAVID G. HARRISON, 2000). 

Em vista disso, o objetivo deste estudo foi avaliar os efeitos do antioxidante N-

acetilcisteína sobre as alterações vasculares induzidas pelo aumento sistêmico de 

MMP-2 por 4 semanas. Isso foi feito por meio da avaliação da morfometria da parede 

vascular e dos conteúdos da MEC, quantificação da expressão e atividade da MMP-

2, níveis de EROs e peroxidação lipídica, avaliação da atividade e níveis das enzimas 

sistema antioxidante endógeno e exógeno, bem como a avaliação da 

biodisponibilidade de NO na aorta que receberam administração sistêmica de MMP-2 

e o tratamento antioxidante. 

Levando em consideração que o aumento da síntese e atividade da MMP-2 

levam a disfunção vascular e endotelial pela redução de agentes vasoativos e 

mudanças no estado oxidativo dos vasos sanguíneos, e que a NAC atue como um 

agente antioxidante, neste trabalho investigamos tanto o potencial da NAC de atenuar 

a atividade da MMP-2 como o de atuar como antioxidante sobre o desbalanço redox 

ocasionado pelo aumento sistêmico de MMP-2. Este trabalho apresenta resultados 

promissores sobre a atuação da NAC sobre a expressão e atividade de MMP-2, 
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estresse oxidativo e biodisponibilidade de óxido de nítrico na aorta de ratos que 

receberam injeção sistêmica de MMP-2 por quatro semanas de tratamento. 
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2. ARTIGO: O papel da metaloproteinase de matriz – 9 (MMP-9) na remodelação 

e disfunção cardíaca e como possível biomarcador sanguíneo na insuficiência 

cardíaca. 
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3. ARTIGO: N-acetilcisteína atenua atividade de MMP-2 e previne estresse 

oxidativo na aorta de camundongos que receberam administração sistêmica de 

MMP-2. 

N-acetylcysteine attenuates MMP-2 activity and prevents oxidative stress in the 

aorta of mice that received systemic administration of MMP-2 
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Abstract: Increased matrix metalloproteinase-2 (MMP-2) activity is implicated in the 

biochemical changes in vascular dysfunction. MMP-2 activates pro-oxidant pathways, which 

can lead to endothelial dysfunction and increased vasoconstriction. This way, antioxidant 

compounds could prevent damage to the endothelium and vascular smooth muscle cells. N-

acetylcysteine (NAC) is an antioxidant that functions as a free radical scavenger and precursor 

to synthesizing reduced glutathione and can modulate the redox state. Therefore, this study 

hypothesizes that the systemic increase in MMP-2 promotes oxidative stress in the vessel and 

that treatment with the antioxidant N-acetylcysteine can prevent redox imbalance. Thus, this 

study aimed to evaluate the effect of NAC on vascular oxidative stress induced by systemic 

increase in MMP-2 in adult mice. MMP-2 was obtained through bacterial expression and 

purification using a chromatographic column. 8 weeks old male C57BL/6 mice (n=32) were 

divided into four groups (n=8 each): saline (i.p. saline); MMP-2 (1,2 μg/g animal i.p); NAC (40 

mg/kg animal p.o.) and NAC 40 mg/kg i.p + MMP-2 (1.2 μg/g animal i.p). NAC treatment and 

mailto:alejandrofp@ufpa.br
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MMP-2 administration occurred concomitantly for 4 weeks. After this period, the animals were 

euthanized, and the thoracic aorta was collected for biochemical analysis. MMP-2 expression 

and activity were determined by in situ zymography and immunofluorescence for MMP-2. ROS 

levels were determined by DHE assay. The levels of oxidative stress indicators and antioxidant 

defense enzymes were determined by biochemical tests to assess the levels of nitrite, TBARS, 

SOD, Catalase and total glutathione. We also measured the expression of Nitrotyrosine, Nrf2, 

eNOS and iNOS by immunofluorescence. The GraphPad Prism ® 9.0 program (GraphPad 

Software, San Diego, CA, USA) was used for statistical analyses, and the two-way ANOVA 

test and Tukey post-test were performed. The results were expressed as the mean ± standard 

error of the mean (SEM), considering p<0.05 statistically significant. Treatment with NAC 

significantly reduced gelatinolytic activity and MMP-2 expression in situ in the aorta, preventing 

redox imbalance by reducing vascular ROS levels, modulating the antioxidant system, 

reducing nitrite and iNOS levels, and maintaining significant eNOS expression. Our results 

suggest that NAC prevents redox imbalance induced by systemic increase in MMP-2. 

Keywords: Redox imbalance, Aorta, MMP-2, Antioxidant, N- acetylcysteine 

1. Introduction 

Cardiovascular diseases affect around 1.28 billion individuals. [1,2]. Retirados os custos 

com DCV a pedido do Prof. Tiago. Cardiovascular diseases, for example, such as 

hypertension, atherosclerosis, thoracic aortic dissection and aneurysm, aortic stenosis, stroke 

and peripheral vascular diseases, are significant global public health problems [3]. Vascular 

remodeling is one of the causes of dysfunction and collagen content and elastin fragmentation 

contribute to increased matrix metalloproteinase activity [4]. 

Matrix metalloproteinases (MMPs), a group of endopeptidases that degrade components 

of the extracellular matrix (ECM), have been implicated in the intracellular and extracellular 

mechanisms that lead to cardiovascular diseases (CVDs) [5]. MMP-2, a gelatinase that 

belongs to the MMP family, has received attention due to its direct role in remodeling and 

modulating the vessel's redox state [6-8]. 

Mechanical stress in VSMC increases MMP-2 levels and activity that it increase reactive 

oxygen species (ROS) and platelet-derived growth fator receptor (PDGFR) activation [13].  

Angiotensin II increases the MMP-2 activity, which results in a degradation of collagen and 

elastin, inducing migration and rearrangement of VSMCs from the aorta [9] 

Oxidative stress also modulates MMP-2 activity. Increased ROS in the vasculature due to 

mechanical stress has been associated with upregulation of MMP-2 RNAm [10-11]. 

Peroxynitrite induces s-glutathiolation activating MMP-2 [12,13]. MMP-2 transactivates 

heparin-binding epidermal growth factor (HB-EGF), activating the EGF receptor (EGFR) and 

increasing ROS concentrations. [14]. Increased ROS production can lead to changes such as 

eNOS uncoupling and increased iNOS expression in vascular dysfunction [15,16]. 

Substances that present antioxidant activity and have their use approved in clinical practice 

can function as adjuvant therapy for CVD [17, 18, 19]. Using drugs that already have a known 

mechanism of action and possible targets and repositioning them to validate a new treatment 

helps to reduce costs and accelerate their use in clinical practice [20, 21]. Therefore, N-

acetylcysteine (NAC), a drug used since 1960 as a mucolytic agent, has been investigated as 

an antioxidant agent due to its effect as a precursor of reduced glutathione [22]. NAC 

penetrates the cell membrane and conjugates with l-glutamate and l-glycine to form reduced 

glutathione (GSH) [23]. GSH is capable of offering reducing equivalents for ROS through its 

free sulfhydryl group to support the activity of glutathione peroxidase, in addition to reacting 
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with superoxide anion, acting together with superoxide dismutases (SODs) [24–26]. In addition 

to its antioxidant effects, NAC can directly inhibit MMP-2. [27,28]. 

Thus, considering that increased synthesis and activity of MMP-2 leads to vascular 

dysfunction due to changes in the oxidative state of blood vessels and that NAC acts as an 

antioxidant agent, we hypothesize that increasing MMP-2 in the vessel promotes redox 

imbalance and that NAC can prevent such changes. Therefore, this study aimed to evaluate 

the effect of NAC on MMP-2 activity and redox balance in the aorta of mice that received 

systemic administration of MMP-2. 

2. Materials and methods 

2.1. Animals 

All animal experiments were carried out by the principles described in the Guide for the 

Production, Maintenance or Use of Animals for Teaching or Scientific Research Activities, 

according to the National Council for the Control of Animal Experimentation (CONCEA). The 

experimental procedures were conducted by a protocol approved by the Ethics Committee on 

the Use of Animals of the Federal University of Pará (CEUA-UFPA, Nº 5223300323). 8 weeks-

old male C57BL/6 mice from Evandro Chagas Animal Facility Institute were used. The animals 

were housed in the Animal House of the Oxidative Stress Research Laboratory in cages and 

maintained under controlled temperature conditions (25 ± 1ºC) in an alternating 12-hour 

light/dark cycle, with water and food provided ad libitum. 

2.2. Design 

We performed a time course of MMP-2 administration for one, two and four weeks to 

evaluate the effects of MMP-2 injection on vascular remodeling and redox status. The animals 

were divided into Control (0.9% saline solution ip) and MMP-2 (1.2 µg/g of animal/ ip). With 

the results obtained in the first protocol, we carried out a second one using the antioxidant 

NAC. In this, the animals were divided into 4 experimental groups: Control (0.9% saline 

solution ip); NAC (40 mg/kg/ vo); MMP-2 (1.2 µg/g animal/ip); MMP-2 (1.2 µg/g of animal/ ip) 

+ NAC (40 mg/kg/ vo). The MMP-2 used in this study was obtained by expressing and purifying 

the pET5rhMMP-2 clone as previously described [29], and NAC was obtained from Sigma 

(A7250). MMP-2 administration and co-treatment with NAC were carried out for 4 weeks. The 

dose of NAC was selected through previous studies [30]. The dose for daily injection of rhMMP-

2 protein was based on studies in patients with arterial hypertension and thoracic aortic 

aneurysm. These studies showed increased MMP-2 plasma levels to two and five times above 

the concentration found in control patients [31–34]. Then, based on the doses described 

above, a mouse weighing 25 g received an amount of 3.7 μg, which, divided by the mouse's 

plasma volume, approximately 1.250 μL, would give the expected three-fold increase in 

plasma MMP-2, levels that are compatible with the concentrations reported in the plasma of 

patients in these studies. At the end of the experimental protocol, the animals were 

anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) and euthanized by 

exsanguination to collect the aorta. 

2.3. MMP-2 gelatinolytic activity (in situ zymography) and MMP-2 

expression in the aorta 

Aortas were frozen in cryoprotectant fluid (Tissue Tek) and cut in a cryostat into 5 µm 

sections. First, these sections were incubated with fluorescent gelatin substrate (DQ- gelatin, 

Invitrogen) for 1h in a dark, humid chamber at 37ºC. They were then washed in PBS and fixed 

with 2% formalin. To colocalize the gelatinolytic activity increase with MMP-2, the sections 

were incubated with anti-MMP-2 antibody (Abcam, 1:300) overnight at 4ºC. The following day, 
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the sections were washed with PBS and incubated with anti-rabbit IgG secondary antibody 

conjugated to Alexa 594 (Abcam, 1:500) in a dark, humid chamber for 1 h at room temperature. 

Finally, the sections were incubated with a fluorescence preservation solution containing DAPI 

(Sigma, F6057). Images were acquired using a ZEISS fluorescence microscope. In situ, 

gelatinolytic activity and MMP-2 expression were quantified using the Image J program, as 

described in a previous study [35]. 

2.4. ROS levels 

Vascular reactive oxygen species (ROS) production was determined in situ in aortic 

sections by dihydroethidium, following the method previously described by [35]. Aortic 

segments (5 μm) were incubated in a light-protected and humidified chamber (37°C, 30 min) 

with 10 -5 μM dihydroethidium solution (DHE). Fluorescence was detected with a 585–590-nm 

long-pass filter under a microscope (Company - Zeeis) with a 40 objective lens coupled to a 

digital camera. Fluorescent images were recorded and analyzed by measuring the mean 

optical density of the fluorescence by Image J (NHI). Fluorescence in each image was 

evaluated at least in 30 locations and normalized by the area.  

2.5. Morphometric Analysis of the Vascular Wall 

Thoracic aortas were fixed in 4% formalin, dehydrated, and treated with 70%, 90%, 

95% alcohol and 100% absolute alcohol (3X) for 2h. Samples were then placed in equal parts 

alcohol and xylene overnight and clarified in xylene with changes every two hours. Three 

exchanges were performed and subsequently embedded in paraffin. Then, hematoxylin-eosin, 

picrosirius and orcein stains were performed to analyze morphometric indices: cross-sectional 

area, media layer thickness, lumen diameter and collagen and elastin content. All images were 

obtained using a 10x magnification objective under an optical microscope. The measurement 

will be performed using the National's 64-bit Image J. 

2.6. Lipid peroxidation 

Aortas were macerated on dry ice and resuspended in PBS. Then, the aortic extract 

was homogenized in a thiobarbituric acid solution (1% v/v) and heated at 100ºC for 1h. The 

pink reaction product was quantified in a spectrophotometer (SpectraMax M5, Molecular 

Devices) at a wavelength of 535 nm. The results obtained were compared with a standard 

MDA curve. Values were expressed as nmol/mg of protein. 

2.7. Nitrotyrosine Levels 

Aortas were frozen in cryoprotectant liquid and cut as described above 5 µm thick 

sections were fixed in 4% formalin for 10 min. and incubated with PBS blocking solution 

containing BSA (1%), glycine (0.3 mol/L) and Tween (0.1% v/v) for 60 min., at 37ºC, to block 

nonspecific bonds and permeabilize the fabric. Then, the sections were incubated with an Anti-

Nitrotyrosine antibody (Sigma, 1:500) overnight at 4ºC. The following day, the sections were 

washed in PBS and incubated for 60 min at room temperature with anti-rabbit IgG secondary 

antibody conjugated to Alexa 488 (Abcam, 1:500). Slides were mounted with Fluoroshield 

solution containing DAPI (F6057, Sigma) and images were acquired using a ZEISS 

fluorescence microscope. The images were quantified using the Image J program, as 

described in a previous study [35]. 

2.8. Evaluation of antioxidant system. 

To evaluate the role of the antioxidant system in the redox imbalance induced by MMP-

2, the aortas were macerated in dry ice and resuspended in PBS. The levels of reduced and 

oxidized glutathione were initially obtained by measuring total glutathione levels. In this way, 
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the aortic extract was treated with glutathione reductase. Next, the sample was reacted with 

5,5′-dithiobis (2-nitrobenzoic acid), which has a yellow color. The reaction product was read 

after 5 minutes in a spectrophotometer at a wavelength of 412 nm. The results were expressed 

using the reduced glutathione curve and expressed in µ mol/ mg of protein. The assay was 

performed similarly without using glutathione reductase to calculate reduced glutathione levels. 

Oxidized glutathione was calculated using the total glutathione – reduced glutathione ratio. For 

the total glutathione assay, the Cayman Chemical Company Glutathione Assay Kit (N° 

703002) was used. 

SOD activity, in turn, was calculated by reacting the aortic extract with hypoxanthine 

and NBT and the reaction product was read in a spectrophotometer at a wavelength of 415 

nm. Results were expressed as units of SOD/mg protein, calculated using a standard curve 

for SOD. CAT activity, in turn, was measured using an aortic extract that reacted with hydrogen 

peroxide as a product of the formaldehyde reaction. The purple reaction product was 

measured in a spectrophotometer at 540 nm. CAT activity was measured using a 

formaldehyde curve. For the SOD and catalase activity assays, the Cayman Chemical 

Company Kits (N° 706002, N° 707002, respectively) were used. 

2.9. Expression of Nuclear Factor Erythroid 2-related Factor 2 (Nrf2) 

5 µm of aorta were fixed in 2% formalin for 10 min. and incubated with PBS blocking 

solution containing BSA (1% v/v), glycine (0.3 mol/L) and Tween (0.1% v/v) for 60 min., at 

37ºC. After blocking, the sections were incubated with anti-Nrf2 primary antibody (R&D 

Systems, 1:500) overnight at 4ºC. The following day, the sections were washed in PBS and 

incubated with Rhodamine-conjugated anti-rat IgG secondary antibody (Sigma, 1:500) for 1h 

at room temperature. Slides were mounted with Fluoroshield solution containing DAPI (F6057, 

Sigma), and images were acquired using a ZEISS fluorescence microscope. The images were 

quantified using the Image J, as described in a previous study [35]. 

2.10. Nitrite levels and iNOS expression 

The aortic extract was incubated with Griess reagent to measure nitrite levels. The pink 

reaction product was read in a spectrophotometer at 550 nm (BIO-RAD Model 450 Microplate 

Reader). Nitrite levels were calculated using a sodium nitrite standard curve. The results were 

expressed in µmol/mg of protein. To assay nitrite levels, the Cayman Chemical Company 

Nitrate/Nitrite colorimetric assay kit (N° 780001) was used.  To evaluate iNOS expression, 5-

μm-thick sections were fixed in 4% formalin for 10 min. and incubated with PBS blocking 

solution containing BSA (1% v/v), glycine (0,3 mol/L) and Tween (0.1% v/v) for 60 min., at 

37ºC, to block nonspecific bonds and permeabilize the fabric. Afterward, the sections were 

incubated with the Anti-iNOS antibody (Abcam, 1:200) overnight at 4ºC. The following day, 

sections were washed in PBS and incubated for 60 min at room temperature with secondary 

antibody. Rhodamine-conjugated anti-rat IgG (Sigma, 1:500), respectively. The slides were 

mounted with Fluoroshield solution containing DAPI (F6057, Sigma), and images were 

acquired under a ZEISS fluorescence microscope using a 40x magnification objective. The 

images were quantified using the Image J, as described in a previous study. [35]. 

2.11. Statistical analysis 

Prism ® 9.0 program (GraphPad Software, San Diego, CA, USA) was used. The 

normality of the data was assessed using the Shapiro-Wilk normality test, and the data were 

considered normal. Two-way ANOVA test and Tukey post-test were performed. The results 

were expressed as the mean ± standard error of the mean (SEM). p<0.05 was considerad 

statistically significant. 
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3. Results 

3.1. Time-course of systemic MMP-2 administration promoted oxidative 

stress without generating remodeling in the aorta. 

The MMP-2 group showed higher levels of lipid peroxidation, nitrite, GSH and 

increased SOD activity only in the fourth week of MMP-2 administration when compared to the 

vehicle control group (p>0.05, Figure 1. E-H). Catalase enzyme activity increased significantly 

from the second to fourth week in the MMP-2 group compared to the vehicle control group 

p<0.05, Figure 1. I). Regarding vascular remodeling, the MMP-2 group maintained 

measurements of cross-sectional area (CSA), collagen and elastin content in the aorta similar 

to those in the vehicle control group (p>0.05, Figure 1. A-D). 

  

 

 

Figure 1. Time-course of systemic MMP-2 administration promoted oxidative stress 

without generating remodeling in the aorta. A. Representative panel of optical microscope 

photomicrographs of aorta samples stained with hematoxylin and eosin (HE), picrosirius 

(collagen), and orcein (elastin) – Scale: 250 µm. B. Graphical representation of the 

measurement of the medial cross-sectional area of the thoracic aorta (CSA). C. Graphical 

representation of the quantification of aortic collagen content. D. Graphical representation of 

the elastin surface area values of the aortic medium. E. Quantification of lipid peroxidation in 

the aorta. F. Quantification of nitrite in the aorta. G Quantification of GSH levels in the aorta. 

H. Quantification of SOD activity. I. Quantification of catalase activity in the aorta. Data are 

represented as a percentage (P%); * p<0.05 vs. control, two-way ANOVA (n=5/group).  

3.2. NAC reduces gelatinolytic activity and MMP-2 expression in situ in 

the aorta. 
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In situ, gelatinolytic activity was found in the aortas of animals that received systemic 

administration of MMP-2 compared to the vehicle group (p<0.05, Figure 2. A-B). The MMP-2 

group also showed a greater presence of this protease in the aortas, as demonstrated by 

immunofluorescence for MMP-2 (p<0.05, Figure 2. A-C). On the other hand, the MMP-2 + 

NAC group showed lower gelatinolytic activity and MMP-2 expression than the MMP-2 group 

(p<0.05, Figure 2. A-C). There was no difference in gelatinolytic activity and MMP-2 

expression between the vehicle control and NAC groups (p>0.05, Figure 2. A-C). 

 

Figure 2.  NAC reduces in situ gelatinolytic activity and MMP-2 expression in the aorta. 

A. Representative photomicrographs from the fluorescence microscope illustrating nuclear 

labeling with DAPI, DQ-gelatin (in situ zymography), MMP-2 (immunofluorescence for MMP-

2) and the superimposition of the 3 images (merge). B. Graphical representation of in situ 

zymography quantification expressed as green fluorescence intensity. C. Graphical 

representation of the quantification of the fluorescence intensity of the immunostaining for 

MMP-2. Data are represented by mean ± SEM; * p<0.05 vs control, # p<0.05 vs MMP-2, two-

way ANOVA (n=5/group). 

3.3. NAC prevents MMP-2-induced redox imbalance in the aorta by 

modulating the antioxidant system. 

Higher levels of ROS were found in the aortas of animals that received systemic 

administration of MMP-2 compared to the control group (p<0.05, Figure 3. A-B). The MMP-2 

group showed an increase in lipid peroxidation (p< 0.05. Figure 3. C) of Nrf2 expression, SOD 

and catalase activity. It altered the GSSH: GSH ratio compared to the control group (p<0.05. 

Figure 3. D-I). Treatment with the antioxidant NAC significantly reduced the levels of ROS, 

lipid peroxidation, Nrf2 expression, SOD and catalase activity compared and the GSSH: GSH 

ratio when compared to the MMP-2 group (p<0.05, Figure 3. A-I). There was no difference in 

ROS content between the control and NAC groups (p>0.05, Figure 3. A-B). The NAC group 
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showed lower lipid peroxidation, increased GSH, Nrf2 expression and more significant 

catalase activity than the control group (p<0.05, Figure 3. C-I). 

 

 

Figure 3. NAC prevents MMP-2-induced redox imbalance in the aorta by modulating the 

antioxidant system. A. Representative confocal microscope photomicrographs illustrating 

nuclear labeling with the DHE probe representing labeled ROS levels. B. Graphical 

representation of the quantification of nuclear red fluorescence intensity labeled with the DHE 

probe. C. Quantification of lipid peroxidation in the aorta. D. Representative photomicrographs 

from the fluorescence microscope illustrating Nrf2 labeling (immunofluorescence for Nrf2). E. 

Graphic quantification of the red fluorescence intensity of the immunostaining for Nrf2. F. 

Quantification of GSSH levels in the aorta. G. Quantification of reduced GSH levels in the 

aorta. H. Quantification of SOD activity. I. Quantification of catalase activity in the aorta. Data 

are represented by mean ± SEM; * p<0.05 vs control, # p<0.05 vs MMP-2, two-way ANOVA 

(n=5/group). 

3.4. NAC prevented nitrosylation by modulating nitrite levels and the 

iNOS enzyme. 

Higher expression of iNOS, nitrite levels and protein nitrosylation were found in the 

aortas of animals that received systemic administration of MMP-2 compared to the control 

group (p<0.05. Figure 4. A-E). Treatment with NAC significantly reduced nitrite levels, iNOS 

expression and protein nitrosylation compared to the MMP-2 group (p<0.05. Figure 4. A-E). 

The NAC control group showed lower iNOS expression than the vehicle control group (p<0.05, 

Figure 4. B). 
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Figure 4. NAC prevents vascular dysfunction by reducing nitrite levels and expression of iNOS 
and eNOS. A. Representative photomicrographs from the confocal microscope representing 
nuclear labeling with DAPI and iNOS and overlapping of the three images (merge). B. 
Quantification of fluorescence intensity for iNOS expression. C. Quantification of nitrite levels 
in the aorta. D. Representative photomicrographs from the fluorescence microscope 
representing the labeling for Nitrotyrosine. E. Quantification of fluorescence intensity for 
immunostaining for Nitrotyrosine. Data are represented by mean ± SEM; * p<0.05 vs control, 
# p<0.05 vs MMP-2, two-way ANOVA (n=5/group). 

4. Discussion 

The main finding of this study was that the antioxidant NAC is capable of preventing 

oxidative changes in the aorta of mice induced by the increase in the activity and expression 

of MMP-2 in the vessel, resulting from the systemic increase in MMP-2. We believe this study 

can help elucidate the pathophysiological events that occur in the vessel after increased MMP-

2 activity, even in the absence of an underlying disease. The role of MMP-2 in altering the 

oxidative state of the aorta as a primary event is demonstrated by the sequence of 

modifications called vascular remodeling. 

In this study, systemic administration of MMP-2 for four weeks led to increased gelatinolytic 

activity and redox imbalance in the aorta. These results are in line with the study by Prado et 

al., who demonstrated that MMP-2 alone is capable of activating pro-oxidant pathways 

dependent on EGFR activation and that the increase in MMP-2 proteolytic activity correlates 

with increased reactive species [14]. MMP2 mediates the effects of Ang II, leading to 

endothelial dysfunction, vascular remodeling, oxidative stress, and inflammation in a model of 

Ang II-induced hypertension. Barhoumi et al. (2017) demonstrated that Ang II increases the 

expression of MMP-2 in immune system cells that infiltrate the aorta and perivascular fat. [36]. 

In our study, the systemic increase in MMP-2 induced by intraperitoneal administrations 

increased the presence of MMP-2 in the aortic tissue, suggesting that the increase in MMP-2 

derived from other compartments of the organism can lead to oxidative imbalances in the aorta. 

This is an exciting result, as in periodontal disease, cancer and inflammatory diseases, there 

is an increase in MMP-2 secretion, which can lead to vascular changes [37]. 
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The main objective of this study was to evaluate whether NAC prevented oxidative changes 

induced by MMP-2. Notably, NAC prevented redox imbalance and decreased the activity and 

expression of MMP-2, consequently decreasing the activation of pro-oxidant pathways. The 

inhibitory activity of NAC on MMP-2 was also observed in previous studies [27,28], which linked 

the inhibitory activity of NAC to its ability to interact directly with MMP-2. 

Our results demonstrated that the NAC prevented redox imbalance through modulation of 

the antioxidant system. NAC is a thiol, precursor of GSH, leading to increased synthesis of 

reduced glutathione, which maintains this tripeptide at positive levels in intracellular stores [38]. 

GSH, in turn, has antioxidant capacity due to the presence of a free sulfhydryl group that serves 

as a donor source of electrons for free radicals, therefore functioning as a reducing equivalent 

[39]. GSH exists in the cell in its reduced and oxidized form (GSSH), which are responsible for 

maintaining the intracellular redox state through the accumulation of disulfides that provide a 

reducing environment within cells [10,40]. Oxidative stress leads to an imbalance in the 

glutathione redox pair, favoring the accumulation of GSSH and decreasing GSH levels, 

reducing antioxidant capacity [41]Consistent with our results, the MMP-2 group altered the 

GSSH/GSH ratio, and NAC normalized it in animals receiving MMP-2. 

The MMP-2 group also showed increased SOD and catalase activity, possibly related to 

the body's failed attempt to prevent oxidative stress. On the other hand, treatment with NAC 

in animals that received MMP-2 normalized SOD and catalase activity. We believe these 

results are related to the decrease in the bioavailability of oxidizing molecules due to the 

increase in GSH levels. Other authors also found similar results [42–45]. 

Among the transcriptional factors of antioxidant defense, Nrf2 is the main redox state-

sensitive factor that regulates the gene expression of many enzymes of the antioxidant system 

[46]. Under conditions of oxidative stress, Nrf2 activates antioxidant response elements of 

several genes, initiating the antioxidant response [47]. Nrf2 knockout mice presented 

secondary complications aggravated by increased lipid peroxidation and decreased 

GSH/GSSH ratio after SAH [48]. It was previously demonstrated that increased MMP-2 activity 

correlates with increased Nrf2 levels, possibly related to this protease's ability to induce 

oxidative stress [49]. In our results, the MMP-2 group also showed increased expression of 

Nrf2, which is in accordance with the increased SOD and catalase activity found in this group. 

Likewise, the MMP-2 + NAC group showed a decrease in Nrf2 levels and SOD and catalase 

activity. 

One of the main sources of ROS in vascular dysfunction processes occurs through 

increased expression of iNOS [50], which is positively regulated through responses to ROS 

[51]. Different from eNOS and nNOS, the NO generated by iNOS is mainly generated in 

peroxynitrite due to the chemical interaction of NO and O2- [16]. The presence of iNOS and 

nitrotyrosine in the vessels are strong indicators that high levels of peroxynitrite were formed 

[52]. Our results showed increased expression of iNOS, nitrite and nitrotyrosine in the MMP-2 

group, which were prevented by treatment with NAC. These results are in line with previous 

studies that showed that iNOS leads to increased oxidative and nitrosative stress in the 

vasculature [53–55].  

Among MMPs, MMP-2 is considered one of the main proteases involved in aortic vascular 

remodeling. This was demonstrated in time-course experiments that evaluated vascular 

hypertrophy and fibrosis in the aorta of animals with two-kidney-one-clip hypertension [56]. 

Non-selective inhibitors of MMPs (doxycycline) and antioxidants have also been shown to 

decrease remodeling by modulating MMP-2 activity and expression [57–59]. In line with these 

studies, MMP-2 knockout animals attenuated vascular hypertrophy and fibrosis in angiotensin 

II-induced hypertension [36]. In our study, administration of MMP-2 did not generate aortic 
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hypertrophy or alter the deposition of extracellular matrix components, suggesting that the 

oxidative changes found precede the morphological changes induced by MMP-2. 

Evidence reinforces oxidative stress as a critical factor in the worsening of vascular 

diseases, mainly biochemical, structural and functional changes [60–62]. Many of them are 

responsible for increased contractility, remodeling and vascular dysfunction, characteristics of 

vascular diseases [9]. Therefore, some limitations of our study must be considered in this 

aspect. First, we did not investigate the endothelial and vascular function of the aortas. 

Furthermore, we believe in the hypothesis that oxidative changes precede morphological 

changes; therefore, a longer period of MMP-2 administration can lead to vascular remodeling. 

Future work being developed by our group seeks to resolve these limitations. 

In conclusion, our results suggest that NAC has potential MMP-2 inhibitory and antioxidant 

activity, preventing oxidative changes induced by the vascular increase in MMP-2. Therefore, 

NAC may be a viable therapeutic alternative for approaches related to maintaining vascular 

health. 
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3. CONCLUSÕES INTEGRADORAS 

As doenças vasculares têm impacto significativo sobre a qualidade de 

população mundial como uma das principais causa de morbimortalidade e 

hospitalizações por pessoa. Apesar de os mecanismos fisiopatológicos envolvidos na 

disfunção vascular estejam bem esclarecidos, mecanismos como a modulação da 

MMP-2 e o desbalanço redox precisam de investigação mais detalhada tendo vista 

seu papel crucial na gênese de um processo que leva ao remodelamento vascular e 

consequentemente a alterações mais generalizadas. 

A avaliação de fármacos reposicionados para atuar sobre mecanismos 

inibitórios e regulatórios na patologia vascular permite uma abordagem adicional para 

uma terapia em potencial.  Neste sentido, o cotratamento com a NAC proposto em 

nosso estudo para atenuar a atividade da MMP-2 e reduzir o estresse oxidativo na 

aorta foi considerado promissor, devido seus efeitos significativos sobre a redução 

significativa dos marcadores de estresse oxidativo e aumento da capacidade 

antioxidante, bem como seus efeitos positivos sobre a biodisponibilidade de NO. 

Contudo, estudos adicionais devem ser realizados a fim de avaliar outras possíveis 

vias e marcadores importantes envolvidos no processo de disfunção vascular. 
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