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ABSTRACT
Aim: This study aimed to investigate the effects of fish oil on liver 
matrix metalloproteinase-9 (MMP-9) and MMP-12 levels in hyper-
cholesterolemic mice.

Materials and Methods: For comprehensive evaluation of MMP-9 
and MMP-12 levels, total cholesterol (TC), low-density lipoprotein 
(LDL), total antioxidan status (TAS) and total oxidan status (TOS) 
levels, as well as liver histopathological status, were assessed. 
Twenty-eight mice were equally divided into four groups. The 
control (CNT) group received standard chow and drinking water 
without any treatment. The fish oil (FO) group received orally 0.1 
ml of fish oil daily for 10 weeks. The cholesterol (CHOL) group was 
fed with a high-cholesterol chow diet. The cholesterol plus fish oil 
(CHOL+FO) group received a high-cholesterol chow plus an oral 
FO solution.

Results: The MMP-9, TC and TOS levels of the CHOL group 
were significantly higher, while TAS were lower compared to other 
groups. While MMP-9 levels decreased in the CHOL+FO and FO 
groups compared to the CHOL group (p<0.001), no significant 
change was observed for MMP-12 (p>0.05). Total oxidan status 
levels decreased, and TAS levels increased in the CHOL+FO and 
FO groups compared with the CHOL group, with higher oxidative 
stress index (OSI) levels (p<0.05).

Conclusion: It was concluded that combined fish oil administra-
tion could reduce the adverse effects of hypercholesterolemia by 
down-regulating bad cholesterol and oxidative stress in mouse 
liver and colon tissue, and by reducing MMP-9 protein concentra-
tion in colon tissue.

Key words: hypercholesterolemia; MMP-9; MMP-12; fish oil; mouse

ÖZET
Amaç: Bu çalışmanın amacı, balık yağının hiperkolesterolemil fa-
relerde karaciğer matriks metaloproteinaz-9 (MMP-9) ve MMP-12 
düzeyleri üzerindeki etkilerini araştırmaktır.

Gereç ve Yöntem: MMP-9 ve -12 düzeylerinin kapsamlı değerlen-
dirilmesi için toplam kolesterol (TK), düşük yoğunluklu lipoprotein 
(LDL), toplam antioksidan durumu (TAS) ve toplam oksidan durum 
(TOS) düzeyleri ile karaciğer histopatolojik durumu değerlendirildi. 
Yirmi sekiz fare dört gruba eşit olarak ayrıldı. Kontrol (CNT) grubu-
na herhangi bir tedavi uygulanmadan standart yem ve içme suyu 
verildi. Balık yağı (FO) grubuna 10 hafta boyunca günde 0,1 ml ba-
lık yağı oral yolla verildi. Kolesterol (CHOL) grubuna yüksek koles-
terollü bir yem diyeti verildi. Kolesterol ve balık yağı (CHOL+FO) 
grubuna ise yüksek kolesterollü bir yem ve FO solüsyonu verildi.

Bulgular: CHOL grubunda MMP-9, TC ve TOS düzeyleri diğer 
gruplara göre anlamlı olarak yüksek, TAS ise düşük bulundu. MMP-
9 düzeyleri CHOL+FO ve FO gruplarında CHOL grubuna göre 
azalırken (p<0,001), MMP-12 için anlamlı bir değişim gözlenmedi 
(p>0,05). Yüksek oksidatif stres endeksi (OSI) düzeylerine sahip 
CHOL grubuna göre CHOL+FO ve FO gruplarında TOS düzeyleri 
azalırken, TAS düzeyleri ortalamaları yüksek sevideydi (p<0,05).

Sonuç: Sonuç olarak, kombine balık yağı uygulamasının, fare ka-
raciğer dokusunda ve kolon dokusunda MMP-9 protein konsant-
rasyonunu düşürerek kötü kolesterol ve oksidatif stresi azaltarak 
hiperkolesteroleminin olumsuz etkilerini azaltabileceği kanaatine 
varıldı.
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Introduction

Cholesterol (C27 H46O) can be synthesized by nearly 
all cells, and in humans, approximately 50% of total 
synthesis occurs in liver cells. Cholesterol homeosta-
sis is of great interest in terms of physiological and 
pathological conditions because it underlies a growing 
number of diseases such as inflammation, Alzheimer’s, 
atherosclerosis and various types of cancer1. Matrix 
metalloproteinases (MMPs) are a group of endopep-
tidase enzymes that are zinc- and calcium-dependent 
and facilitate the degradation of extracellular matrix 
(ECM) proteins, thereby playing an important role in 
human physiology and pathology. Extracellular matrix 
elements can regulate cellular or tissue development 
and homeostasis, which are relevant to adverse health 
conditions such as chronic inflammation, malignant 
cell proliferation, and apoptosis, which are based on 
oxidative stress in their pathogenesis2,3. Excessive accu-
mulation of reactive oxygen species (ROS) causes oxi-
dative stress and MMP-associated ECM destruction2. 
Excessive accumulation of ROS causes oxidative stress 
and MMP-associated ECM destruction. Because in-
creased expression levels of MMPs are linked to the pa-
thology of many inflammatory malignant diseases and 
hypercholesterolemia, MMPs and their tissue inhibi-
tors have become targets for drug discovery3,4. MMP-9, 
also called gelatinase B, is found in very small amounts 
in healthy tissues and is secreted by dendritic, hemato-
poietic, macrophage, neutrophil, and fibroblast cells5. 
MMP-12 is an enzyme belonging to the collagenase 
family ve it also called macrophage metalloelastase. 
They play a role in ECM degradation by degrading 
elastin and collagen. Excessive MMP-12 activity has 
been associated with inflammation and tissue damage6.

Fish oil contains high amounts of polyunsaturated fat-
ty acids (PUFAs) containing 5 or more double bonds 
and highly unsaturated fatty acids (HUFAs), which 
are omega-3 (ω-3) PUFAs. Eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA) are derived 
from α-linolenic acid (ALA), the precursor of omega-3 
PUFAs. These are abundant in fish, and various studies 
have shown positive effects on the pathophysiology of 
diseases such as wound healing, nervous system defor-
mities, and heart and liver disorders, due to their an-
tihypercholesterolemic, antioxidant, and anti-inflam-
matory properties7,8. If the rate of free radicals causing 
lipid peroxidation in living organisms exceeds the 
capacity of glutathione and many other antioxidants, 
oxidative damage originating from oxidative stress can 

occur in tissues and molecules9–11. Assessing TAS and 
TOS levels is a practical method for determining this 
rate12–14. The literature indicates a lack of studies ex-
amining oxidative stress, lipid parameters, and ω-3 and 
MMP enzyme concentrations simultaneously.

This planned study examines the relationship between 
MMP-9 and MMP-12 protein expression levels with fish 
oil as an alternative to statin drugs, which are frequently 
used in conventional medicine for the treatment of hyper-
cholesterolemia, but are quite expensive and have side ef-
fects. Furthermore, a comprehensive assessment aimed at 
monitoring cholesterol, TOS, and TAS levels.

Material and Methods
Experimental Animals

A total of 28 female Balb/c mice, weighing 20±2 g and 
aged 10 weeks at the Kafkas University Experimental 
Animal Research Center in Kars, were housed at 
20±2°C, 60–70% relative humidity and under a 12-h 
day-night cycle. Throughout the experiment, the ani-
mals were provided with standard chow (Bayramoğlu 
Feed Inc., Erzurum, Türkiye) and water. The ethical 
regulations recommended by the Kafkas University 
Animal Experimentation Ethics Committee (KAU-
HADYEK 2021/188) were complied with at all stages 
of the experimental study.

High Cholesterol Feed and Fish Oil Application

The mice were divided equally into four groups. The first 
group was the control (CNT) group, which received no 
treatment and standard chow and drinking water. The 
second group received fish oil (FO) for 10 weeks. Fish 
oil (fish oil from menhaden cas no: 8002-50-4, Sigma-
Aldrich) acid content used in the study is as follows: 
14:0 myristic acid 6–9%, 16:0 palmitic acid 15–20%, 
16:1 palmitoleic acid 9–14%, 18:0 stearic acid 3–4%, 
18:1 oleic acid 5–12%, 18:2 linoleic acid <3%, 18:3 
linolenic acid <3%, 18:4 octadecatetraenoic acid 2–4%, 
20:4 arachidonic acid <3%, 20:5 eicosapentaenoic acid 
10–15%, 22:6 docosahexaenoic acid 8–15% (Sigma-
Aldrich). Throughout the study, 0.1 ml/mouse/day of 
fish oil was administered orally to the respective groups 
at a concentration equivalent to eicosapentaenoic acid 
and docosahexaenoic acid15. The third group (CHOL) 
was fed a diet containing 2% cholesterol (Alfa Aesar, 
Karlsruhe, Germany) and 0.5% cholic acid (Thermo 
Fisher Scientific, Acros Organics, Italy) for 10 weeks to 
establish a high-cholesterol model16.
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After 10 weeks, blood samples collected after an intra-
peritoneal injection of 30 mg/kg pentobarbital were in-
tracardially collected with a syringe and placed into hep-
arinized tubes for cholesterol measurements. Then, the 
animals were euthanized by decapitation and the liver 
tissues were homogenized with a homogenizer (Isolab, 
Cat No: 621.11.001) using phosphate buffer (pH: 7.3). 
Centrifugation (Hettich Zentrifugen Universal 16R, 
Germany) was performed at +4°C and 2500 rpm for 
10 min to create and separate phases from the homog-
enate samples. The supernatant was kept at -20°C in 
Eppendorf tubes until analysis. Another portion of the 
liver tissues was placed in 10% formaldehyde (Sigma-
Aldrich) solution for histopathological evaluation.

Lipid Analyses

Total cholesterol (TC) and low-density lipoprotein 
(LDL) levels were analyzed using a cholesterol-mea-
suring device (Cat No: 02LA10G, SD Biosensor’s 
LipidoCare), which can be activated and produce results 
from a single drop of blood. Measuring range for TC: 
100–450 mg/dL. Low-density lipoprotein was calcu-
lated using the Friedewald formula, which uses TC, TG 
(45–650 mg/dL), and HDL (25–95 mg/dL) levels. A 
drop of blood was added to the device’s application area 
using an automatic pipette, and the device was allowed 
to run for 3 minutes. Separate strips (Acc. Accuchek 
Bulk Accucheck Lancet 25T, Roche) were used for each 
animal, and the measured values were recorded.

MMP-9 and MMP-12 Analyses

A commercially available ELISA kit (Bioassay 
Technology Laboratory E0277 and E1518, Mo, 
China) was used to measure MMP-9 and MMP-12 
protein levels in mouse livers. Following the method 
recommended in the protocol guide, the optical den-
sity of each well was measured using a microplate 
reader (Epoch, Microplate Spectrophotometer) set at 
450 nm. A standard curve was then created using the 
absorbance values from the standards, and the average 
MMP expression levels of the samples were calculated 
based on this curve.

Total Antioxidan Status (TAS) and Total Oxidan Status 
(TOS) Analyses

For analysis, liver tissue samples diluted in phosphate-
buffered saline (OXOID, Dulbecco’s A, England) 
were centrifuged at 3500 rpm for 10 cycles, and the 
supernatants were collected. To determine TAS levels 

in these supernatants, a measurement method based 
on the principle of clarification of the specific color of 
the more stable 2.2’-azino-bis (3-ethylbenz-thiazoline 
6-sulfonic acid) (ABTS) radical cation by antioxidants 
was used12. To measure TOS levels, a method based on 
the principle that oxidant substances in the samples 
oxidize the ferrous ion-o-dianisidine to ferric ion with 
the support of glycerol, and that ferric ion forms a col-
ored complex with xylenol in an acidic environment 
was used13. The equation (OSI)=TOS/TAS was used 
to estimate the oxidative stress index.

Histopathological Analyses
For histopathological evaluation, liver tissue samples 
from mice were fixed with 10% formaldehyde. After 24 
hours, all tissues were placed in tissue-processing cas-
settes, embedded in paraffin, and 4 μm sections were 
cut. Sections were stained with hematoxylin and eosin 
(H&E) using standard histological staining methodol-
ogy and viewed under a light microscope (Olympus).

Statistical Analyses
Data are presented as mean ± standard deviation 
(X ± SD). Statistical analyses of data obtained from 
groups were performed using IBM Statistical Package 
for Social Sciences (SPSS) program version 20.0 for 
Windows IBM software. One-way analysis of variance 
(ANOVA) was performed to determine whether there 
were statistical differences between group means. The 
Tukey test, a post hoc multiple-comparison test, was 
used to determine whether the mean values of each 
group differed significantly from those of the others.

Results
The toxicological potential of fish oil was evaluated, 
and no histopathological findings or mucosal or epi-
thelial cell irritation were observed in the mouth, phar-
ynx, or trachea of the mice. The experimental groups 
were compared for average body weight, and the FO 
group had the lowest body weight. In contrast, the 
CHOL+FO group had significantly lower body weight 
compared to the CNT and CHOL groups. The groups 
were evaluated for daily feed intake, and the highest in-
take was in the CHOL group; feed intake was lower 
in the CHOL+FO, FO, and CNT groups. When the 
experimental groups were evaluated for water intake, 
the highest water intake was observed in the CHOL 
and FO groups, while it was lower in the CHOL+FO 
and CNT groups (Table 1).
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Whole blood TC concentrations were found to be 
significantly increased in the CHOL group compared 
to the CNT group, and significantly decreased in the 
CHOL+FO group compared to the CHOL group 
(p<0.001). Low-density lipoprotein levels were nu-
merically higher in the CHOL group than in the CNT 
group (Table 2).

While the liver MMP-9 level increased numerically in 
the CHOL group compared to the CNT group, the 
MMP-9 level was significantly lower in the CHOL+FO 
group compared to the CHOL group (p<0.001) 
(Fig. 1). Although there was no significant difference 
in the MMP-12 protein levels in the CHOL group 
compared to the CNT group, and MMP-12 protein 

levels decreased numerically in the CHOL+FO group 
compared to the CHOL group, this difference was not 
statistically significant (P >0.05) (Fig. 2). Therefore, 
while a decrease in MMP-9 levels was observed with 
the use of fish oil in contrast to a high-cholesterol diet, 
no significant change was detected in MMP-12 pro-
tein levels.

No significant morphological findings were observed 
in the livers of the CNT group. In the CHOL group, 
the liver lobes had a striking whitish appearance, char-
acteristic of fatty tissue. Macroscopically, changes in 
liver color and size were evident in the high-cholesterol 
diet and are represented in Fig. 3.

Table 1. The mean body weight, water and feed consumption rates in mice (n=7)

CNT CHOL CHOL+FFO FO

Weight (g/week) 33.25±1.88b 33.66±0.92b 32.45±0.96b 29.74±1.43a

Feed consumption (g/day) 26.97±1.84a 45.77±4.26b 44.48±5.32b 31.11±5.42a

Water consumption (ml/day) 44.80±9.62a 61.82±6.75b 47.55±9.28a 61.12±7.44b

Xa,b: differences between means with different letters on the same line are significant p<0.001.

Table 2. The levels of whole blood lipid parameters, liver oxidative status and colon MMP (-9 and -12) in mice (n=7)

CNT CHOL CHOL+FO FO p

TC (mg/dL) 98.26±5.79a 145.00±9.53b 128.33±15.9bc 117.33±0.57c <0.001

LDL (mg/dL) 42.80±4.23 59.20±26.1 49.76±5.09 46.13±6.53 >0.05

TAS (mmol Trolox eq/L) 1.48±0.1a 1.24±0.09b 1.29±0.08ab 1.42±0.17ab <0.05

TOS (μmol H2O2 eq/L) 6.79±0.32ab 7.67±0.74b 6.98±0.46ab 6.51±0.52a <0.05

OST (TOS/TAS) 4.62±0.47 6.24±0.73 5.43±0.55 4.65±0.79 <0.05

MMP-9 (ng/mL) 1.51±0.19ab 1.65±0.14b 1.16±0.17ab 1.01±0.25a <0.001

MMP-12 (ng/mL) 10.3±1.39 9.98±3.74 9.06±2.17 9.44±1.86 >0.05 

Xa,b,c: differences between means with different letters on the same line are significant.

Figure 1. The liver MMP-9 levels in high-cholesterol and fish oil-fed mice (n=7)
(Xa,b: differences between means with different letters on the same line are 
significant (p<0.001)).

Figure 2. The liver MMP-12 levels in high-cholesterol and fish oil-fed mice (n=7).
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as liver enzyme deterioration, skeletal muscle damage, 
and myopathy19. Therefore, in cases of hypercholester-
olemia, alternative methods are recommended con-
sumption of foods known to lower cholesterol16. It is 
known that oils containing multiple fatty acids (fish 
oil, sunflower oil, corn oil, etc.) are more effective in 
lowering cholesterol concentrations than oils contain-
ing monounsaturated fatty acids (olive oil, canola oil, 
etc.)20. Therefore, these data may significantly sup-
port the use of fish oil over traditional statin therapy 
in hypercholesterolemia. Hypercholesterolemia with 
increased oxidative stress is responsible for hypoxic 
conditions similar to those in the tumor microenviron-
ment, and for increased inflammatory responses21,22. It 
has been suggested that treatment with fish oil contain-
ing high-density lipoprotein may interrupt the link be-
tween cholesterol accumulation and inflammation23.

In the present study, when the fixed liver tissue samples 
were evaluated macroscopically primarily for initial 
impression and diagnosis, it was clear that the whit-
ish, swollen appearance of the liver lobes, characteristic 
of fatty tissue, reflected the pathological condition in 
the CHOL group. Macroscopically, liver samples from 
the CNT and FO groups were shiny, brown, and ho-
mogeneous, while lipoma-like areas were noted on the 
serosal surface of one sample from the CHOL+FO 
group (Fig. 3). When liver tissue histopathology was 
evaluated, it was determined that the FO groups 
showed shrinkage of large steatosis droplets in liver 
tissue sections of experimental animals with hypercho-
lesterolemia compared to the CHOL group (Fig. 4). 
In a study, it was reported that thymoquinone, as an 
antioxidant, protected against histological balloon-
ing of hepatocytes in obese rats fed a high-fat diet24. 
When whole blood cholesterol levels were compared 
between the groups, the CHOL group had the high-
est mean (p<0.001). Whole blood cholesterol levels in 
the CHOL+FO group were lower than in the CHOL 
group, while they were similar to those in the CNT 
and FO groups (Table 2). Circulating whole blood TC 
levels depend on changes in liver endogenous choles-
terol production; the amount of LDL uptake by the 
liver, the amount stored as cholesteryl esters, the level 
of very-low-density lipoprotein (VLDL) secretion, 
and the amount of bile acids and cholesterol excreted 
in feces20. Fish oil may play a role in reducing serum 
cholesterol levels by inducing hepatic fatty acid oxi-
dation, reducing fatty acid synthesis, exhibiting anti-
obesity effects25 and increasing the fecal excretion of 
macrophage– and high-density lipoprotein-derived 

When the liver histopathology of mice fed a high-cho-
lesterol diet was examined, fatty tissue invasion and 
hepatocyte steatosis were among the most pronounced 
findings.

Discussion
Hypercholesterolemia is a pathological inflammatory 
disorder characterized by excessively elevated choles-
terol concentrations in blood plasma and increasingly 
threatening modern societies17. Genetically similar 
mice and humans, with a few exceptions, share the same 
set of genes controlling lipoprotein metabolism. This 
makes mice useful experimental animals for the treat-
ment of hypercholesterolemia and for in vivo studies 
of its molecular biology18. Statin and non-statin drugs 
used in standard hypercholesterolemia treatment are 
costly and, unfortunately, have serious side effects such 

Figure 3. A, B. The control group (A) and CHOL group (B) mouse liver tissues.

Figure 4. A–D. CNT (A): the normal liver histology; CHOL (B): the large droplets 
of steatosis (black arrow) reflecting excessive cholesterol accumulation in the 
tissue; CHOL+FO (C): the small droplets of steatosis (white arrow); FO (D): the 
normal liver histological structure, HE×40.
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potential (TRP) proteins that regulate intracellular cal-
cium ions 2,3,35,36. However, the combined effect of fish 
oil, which contains abundant unsaturated fatty acids 
such as EPA or DHA, on ECM modeling, which con-
cerns the lipid-rich cell membrane, remains unknown. 
Fibroblasts and various immune cells secrete MMP-
9, and its effects may vary depending on the stage 
and etiology of hepatic diseases37. Proinflammatory 
mechanisms such as oxidized low-density lipoprotein 
(oxLDL) infiltration of monocytes into the arterial 
wall, macrophage proliferation, and increased foam 
cell formation lead to elevated serum MMP-9 levels38. 
Furthermore, photosensitizing cholesterol oxidation 
products induced by ROS generated by UVA irradia-
tion also increase MMP-9 levels39. In the current study, 
liver natural MMP-9 protein expression levels were 
significantly higher in the CHOL group than in the 
CNT group, in association with increased LDL levels 
observed with a high-cholesterol diet (Fig. 2). Statin 
treatment regulates MMP levels and their tissue inhib-
itors (TIMPs). While no change in MMP-9 levels was 
observed after statin treatment, a significant decrease 
in TIMP-1 levels was reported40. In the current study, 
fish oil exhibited statin-like effects, significantly reduc-
ing hepatic MMP-9 protein levels in the CHOL+FO 
and FO groups, falling below that in the CNT group 
(p<0.001) (Fig. 1 and Table 2). The study in Mmp9 
−/− (MMP-9 knockout) mice also clarified that the 
MMP system as a whole, and MMP-9 in particular, 
strongly influences cholesterol homeostasis41.

MMP-12, secreted primarily by macrophages, can 
degrade elastin42. The development of adipose tissue 
requires ECM degradation. It is understood that the 
MMP-12 enzyme reduces plaque stability in blood 
vessels by causing the atherosclerotic lesion to expand, 
and this may be an important factor in plaque rup-
ture43. This is primarily linked to macrophage migra-
tion, which directly regulates MMP-12 activation and 
expression. MMP-12 mRNA expression levels are sig-
nificantly increased in obese adipose tissues compared 
to lean tissues44. Treatment of both obese and diabetic 
mice with polyunsaturated fatty acids suppressed 
MMP-12 expression in macrophages and adipose cells, 
leading to remodeling of the degraded ECM and re-
duced fat cell growth, supporting the relationship 
between MMP-12 and adipose tissue development45. 
Furthermore, in addition to its ability to degrade elas-
tin, MMP-12 has also been identified as a transcription 
factor that induces Fabp4 transcription. Therefore, 
therapeutic approaches targeting MMP-12 would 

cholesterol along with bile acids26. The findings of this 
study support previous research.

It has been reported that decreased expression of ste-
rol regulatory element-binding protein (SREBP)-1 
c and fatty acid synthase (FAS) lipogenic genes, and 
increased fatty acid oxidation via induction of peroxi-
some proliferator-activated receptor (PPAR-α), are the 
main mechanisms that reduce circulating lipid con-
centrations25. Dietary fish oil intake increases PPAR-α 
induction, thereby upregulating genes involved in 
β-oxidation. This is thought to reduce hepatic triglyc-
eride levels by increasing the expression of β-oxidation-
related enzymes in the liver27.

Docosahexaenoic acid (DHA) reduces apolipopro-
tein C3 synthesis mediated by the FOX1 transcription 
factor, leading to excessive hydrolysis of VLDL-c and 
a much greater conversion of LDL to larger, less ath-
erogenic fragments28. Therefore, dose adjustment is im-
portant when using unsaturated fatty acid supplements 
containing DHA or EPA. This may be due to the ab-
sence of cholesteryl ester transfer protein (CETP) in 
mice, a transporter that facilitates the transport of cho-
lesterol esters and triglycerides in humans. Therefore, 
mice have lower plasma cholesterol levels of 60–100 
mg/dl compared to humans, and high-density lipopro-
teins may be considered the main circulating lipopro-
tein29. Fish oil increases Mdr2 expression in addition to 
hepatic Srb1, thereby increasing cholesterol secretion 
into bile, which may lead to increased cholesterol ex-
cretion via bile24. LDLs deliver cholesterol to inflam-
matory cells in blood vessels and are associated with 
diseases requiring cholesterol-lowering therapy30. The 
effects of fish oil on LDL metabolism are highly con-
troversial. Unlike rodents, fish oil can increase LDL 
concentrations in humans31 and does not shift circulat-
ing LDL particle size to larger particles32. In the cur-
rent study, no significant difference was found between 
groups in LDL levels (p>0.05). However, the numeri-
cally highest LDL value was observed in the CHOL 
group, while LDL values in the CHOL+FO and FO 
groups were very similar to those in the CNT group 
(Table 2). Studies in rodents using fish oil compared 
with a high-cholesterol diet have shown significant re-
ductions in liver LDL levels33,34. This is attributed to 
fish oil’s ability to suppress cholesterol synthesis and 
reduce cholesterol absorption32.

Studies have shown that MMPs play an important role 
in regulating cholesterol metabolism and ECM com-
ponents, which are also affected by transient receptor 
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high-fat diet55. It has been suggested that oral adminis-
tration of omega-3 fish oil may reduce cholesterol levels 
and consequently oxidative stress56. One study found 
that oxidative stress was significantly reduced in male 
rats supplemented with 0.4 g/kg of fish oil, suggesting 
that fish oil, rich in EPA and DHA, has free radical-
scavenging activity against oxidative stress57. Another 
study reported that fish oil and krill oil, when admin-
istered to ulcer-induced rats, reduced ROS formation 
and lipid peroxidation, thereby inhibiting increased 
ROS and lipid peroxidation58. Higher TOS levels 
than TAS levels in organisms indicate the presence of 
oxidative stress. The current study showed a significant 
increase in oxidative stress levels in the CHOL group 
fed a high-cholesterol diet compared to the CNT and 
CHOL+FO groups. Furthermore, TOS levels de-
creased, and TAS levels increased in the CHOL+FO 
and FO groups receiving fish oil supplements, and fish 
oil consumption improved these values compared to 
the CHOL group. These findings are consistent with 
previous studies, suggesting that fish oil supplementa-
tion may be important in reducing oxidative stress in 
mice with induced hypercholesterolemia.

Conclusion
The results of this study showed that MMP-9 and -12 
were increased in the liver tissue of hypercholesterol-
emia-induced mice, and oxidative stress was reduced by 
10 weeks of fish oil supplementation. Therefore, it can 
be hypothesized that fish oil treatment may help treat 
hypercholesterolemia by reducing free radicals, inflam-
mation, and MMP (MMP-9 and -12) protein expres-
sion. In addition to demonstrating the expression lev-
els of MMP-9 and -12 in hepatocytes, these results also 
highlight the potential of fish oil as a candidate thera-
peutic agent for the treatment of many diseases associ-
ated with hypercholesterolemia and inflammation by 
acting as a non-synthetic MMP inhibitor analog.
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benefit obesity and related diseases46. Statins, known 
for their cholesterol-lowering effects, increase MMP-
12 expression levels47. In a study conducted in rabbits 
with atherosclerosis induced by a 1% cholesterol diet, 
no significant difference in MMP-12 expression was 
observed between rabbits and humans48. Similarly, 
in the current study, no statistically significant differ-
ence was found between the groups in liver natural 
MMP-12 protein expression levels (p>0.5). Although 
not significant, a decrease in numerical values was ob-
served in the CHOL+FO group compared with the 
CHOL group (Fig. 2 and Table 2). MMP-12 activity 
has fundamental effects on ECM remodeling by re-
ducing excessive tissue infiltration, regulating the ac-
tivity of anti-inflammatory cytokines and chemokines 
in macrophages and T cells, stimulating transforming 
growth factor-beta (TGF-β) action through fibroblast 
activation, and promoting scar formation43. According 
to both the explanations of previous studies regard-
ing the expansion of atherosclerotic vascular plaque 
by MMP-12 activity42–44 and the data we obtained, it 
can be suggested that the lack of a significant differ-
ence in the mean MMP-12 protein levels of the groups 
may be because hyperlipidemia has not yet progressed 
chronically.

Hypercholesterolemia may also increase atherogenic 
biomolecules in the vascular or circulatory system by 
increasing the production of reactive oxygen species, 
thereby increasing oxidative stress through decreased 
antioxidant levels. It has been reported that blocking 
reactive oxygen species with factors or antioxidant 
agents such as green tea, probiotics, pioglutazone or 
ellagic acid can reduce the development of hypercho-
lesterolemic atherosclerosis or similar disorders by 
decreasing the rate of oxidative stress49–53. If oxidative 
stress cannot be blocked, it can also affect the ECM, 
leading to fatty liver and vascular dysfunction, includ-
ing the accumulation of bad cholesterol. According to 
significant findings (p<0.001) obtained from ox-LDL 
concentrations in humans, a positive correlation may 
exist between hypercholesterolemia and oxidative 
stress parameters54. Nicotinamide adenine dinucleo-
tide phosphate (NADPH) levels, which reflect oxida-
tive stress, have been reported to increase in mice on a 
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