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Abstract
Background  Saffron, the dried stigma of the flower Crocus sativus L., has been shown to have therapeutic effects 
on cardiovascular diseases. Several studies have explored the impact of saffron on atherosclerosis. However, the 
mechanism underlying the plaque-stabilizing and antiatherosclerotic effects of saffron has not been widely studied. 
Therefore, this study aimed to investigate the mechanism of the antiatherosclerotic and plaque-stabilizing effects of 
saffron ethanolic extract in experimentally induced atherosclerotic rabbits.

Methods  New Zealand White rabbits were fed a 1% high-cholesterol diet (HCD) for 8 weeks to induce established 
atherosclerosis. The rabbits were then treated with 50 or 100 mg/kg/day saffron ethanolic extract (SAF), simvastatin 
(2.5 mg/kg/day) or placebo for another 8 weeks. Body weight, lipid profile, percentage of atherosclerotic lesions, 
immunohistochemical analysis, and quantitative real-time polymerase chain reaction were performed at baseline, 
after high-cholesterol diet feeding, and after the intervention.

Results  The results showed that SAF had no significant effect on body weight. However, treatment with both doses 
of SAF markedly attenuated the levels of low-density lipoprotein (LDL) and total cholesterol (TC) in atherosclerotic 
rabbits. Higher doses of SAF markedly reduced atherosclerotic lesions in rabbit aortas. Additionally, SAF suppressed 
the tissue and gene expression of adhesion molecules and pro-inflammatory biomarkers in the aorta. SAF also 
reduced MMP-9 tissue expression in the aortas of atherosclerotic rabbits, thereby increasing plaque stability.

Conclusions  Our findings suggest that saffron ethanolic extract exhibits therapeutic potential in rabbits with HCD-
induced atherosclerosis. This effect may be associated with the modulation of inflammatory pathways, leading to 
reduced expression of pro-inflammatory cytokines, endothelial activation markers, and matrix metalloproteinases. The 
observed reduction in vascular inflammation and endothelial activation may contribute to improved lipid profiles, 
decreased atherosclerotic lesion severity, and enhanced plaque stability. While these findings highlight the potential 
of saffron ethanolic extract as an adjunctive treatment for atherosclerosis, further studies are warranted to clarify its 
direct effects on lipid metabolism and underlying molecular mechanisms.

Clinical trial number  Not applicable.
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Background
Atherosclerosis, characterized by the formation of 
fibrofatty lesions in the artery wall, is a major cause of 
morbidity and mortality worldwide. It causes the vast 
majority of myocardial infarctions, strokes, and debili-
tating peripheral artery disease [1]. Oxidative stress or 
elevated intracellular levels of reactive oxygen species 
(ROS) stimulate endothelial cell activation. This results in 
the upregulation of adhesion molecules (such as vascular 
cell adhesion molecule-1 (VCAM-1), intracellular adhe-
sion molecule-1 (ICAM-1), and e-selectin), an increase 
in vascular permeability, and a decrease in bioavailable 
nitric oxide (NO), leading to the recruitment of circulat-
ing monocytes into the intimal layer [2]. Monocytes then 
differentiate into macrophages and subsequently engulf 
oxidized low-density lipoprotein (ox-LDL) particles in 
the intima, leading to foam cell formation [3]. The accu-
mulation of foam cells leads to the development of fatty 
streaks, which are the earliest visible lesions in athero-
sclerosis [4].

Eventually, macrophages and the apoptosis of foam 
cells promote the release of various pro-inflammatory 
cytokines (such as nuclear factor kappa B (NF-κB), inter-
leukin-6 (IL-6), and interleukin-8 (IL-8)) [5]. This process 
transforms the fatty streak into a fibrous plaque, which is 
recognized as the hallmark of established atherosclerosis.

Maintaining a stable plaque is crucial for preventing 
complications such as myocardial infarction and stroke. 
Matrix metalloproteinase-9 (MMP-9), which is released 
by macrophages, neutrophils, and fibroblasts, facilitates 
the migration of vascular smooth muscle cells through 
the internal elastic lamina, thereby contributing to plaque 
instability [6]. In contrast, tissue inhibitor of matrix 
metalloproteinase-1 (TIMP-1) functions as an antago-
nist of MMP-9, counteracting its activity. This action of 
TIMP-1 helps to inhibit the degradation of extracellular 
matrix proteins and ultimately contributes to the stabili-
zation of atherosclerotic plaques [7].

Atherosclerosis is a chronic and complex disease 
caused by the interplay of various contributing factors, 
including dietary habits, lifestyle choices, genetic predis-
positions, environmental influences, and systemic factors 
[8]. Appropriate lifestyle management and dietary habits 
are fundamental to the success of managing atheroscle-
rosis. However, many people struggle to maintain such a 
healthy lifestyle. Statin therapy has been the mainstay in 
the treatment of atherosclerosis. Nevertheless, increas-
ing amounts of clinical data support that long-term statin 
therapy may increase atherosclerotic calcification [9]. 
Additionally, statins are linked to a greater risk of diabe-
tes mellitus and elevated hepatic transaminase levels [10]. 
Myalgia or muscle pain is a commonly reported symp-
tom among patients who consume statins [11]. Hence, 
adjunctive therapies could be considered to current 

antiatherosclerotic agents, offering minimal to no toxic 
side effects [12].

Saffron, derived from the stigma of the Crocus sati-
vus L. flower, possesses significant therapeutic potential, 
particularly in cardiovascular health. Its cardioprotec-
tive effects are primarily attributed to its major bioac-
tive compounds, including crocin, crocetin, safranal, and 
picrocrocin, which have been shown to reduce oxidative 
stress and inflammatory responses. Additionally, the 
presence of carotenoids, flavonoids, and other bioactive 
components further enhances its antioxidative and anti-
inflammatory properties, providing protection against 
cardiovascular diseases [13–15].

Saffron extract has been studied extensively for its 
potential health benefits and safety profile [16]. Research 
has revealed both its therapeutic potential and associated 
risks at varying doses [17]. In a previous clinical trial, sev-
eral healthy adults experienced side effects after consum-
ing 14  mg of a standardized saffron extract. These side 
effects included vivid dreams, increased muscle pain, and 
increased thirst. However, the adverse effects were mild, 
and no participants dropped out due to them [18]. In a 
toxicity study on BALB/c mice, the LD50 value of saffron 
was determined to be 4120 ± 556  mg/kg [19]. Another 
study involving subchronic exposure to high doses of 
saffron extract (4000 and 5000 mg/kg) for five weeks in 
BALB/c mice revealed significant decreases in red blood 
cell and white blood cell counts and hemoglobin levels, 
along with increases in blood urea nitrogen and creati-
nine levels and liver enzyme activity, including alanine 
transaminase and aspartate aminotransferase, as con-
firmed by histopathological findings [20]. Importantly, 
however, these doses were very high. In contrast, saffron 
extract at lower doses had protective effects on athero-
sclerotic rabbits. For example, administering saffron eth-
anolic extract at 50 and 100 mg/kg/day orally for 8 weeks 
reduced serum urea levels, thereby decreasing renal 
injury caused by a high-cholesterol diet [12].

Saffron extract has demonstrated significant hypolip-
idemic effects in various studies, indicating its potential 
as an alternative or adjunct therapy for managing lipid 
profiles. Systematic reviews of in vivo studies have con-
firmed that saffron extract significantly reduces TC, LDL, 
and triglycerides (TG), while increasing HDL in hyper-
lipidemic animal models [21]. Experimental studies on 
Sprague Dawley rats have shown that serum cholesterol 
levels decreased after treatment with hydromethanolic 
saffron extract for fourteen days [22]. Another in vivo 
study further demonstrated that saffron and its active 
constituent, crocin, could reduce TG and TC in hyperlip-
idemic rats [23]. The study by Samarghandian (2014) also 
found that saffron extract reduced the risk of hyperlipid-
emia in diabetic encephalopathy rats [24]. In high-fat-fed 
obese rats, saffron extracts significantly decreased serum 
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TC, TG, and LDL while increasing HDL, thus reducing 
atherosclerosis and insulin resistance [25].

Saffron has also shown antiatherogenic properties. 
In a previous study, saffron extract has been shown to 
enhance levels of adiponectin, a protein with antiathero-
genic properties, and decrease lipoprotein (a), a marker 
of cardiovascular risk, in diabetic rats [26, 27]. Moreover, 
a previous study demonstrated saffron’s direct antiath-
erogenic effects, where plaque accumulation in HFD-fed 
mice decreased in a dose-dependent manner following 
treatment with saffron aqueous extracts [28]. Addition-
ally, the same study found that saffron exhibited plaque-
stabilizing effects by reducing MMP-2 and enhancing 
TIMP-2 tissue and gene expression in the aortas of mice 
[28]. These beneficial effects of saffron extract are likely 
due to its antioxidant and anti-inflammatory properties. 
While previous studies have investigated saffron’s plaque-
stabilizing effects, various markers and types of saffron 
extraction have been employed.

In our study, we assessed the impact of saffron ethano-
lic extract on MMP-9 and TIMP-1 expression. A previ-
ous study reported that elevated serum levels of MMP-9 
and TIMP-1 indicate instability in carotid artery ath-
erosclerotic plaques [29]. Furthermore, several studies 
have indicated that high MMP-9 levels can predict ath-
erosclerotic plaque instability and that excessive MMP-9 
expression may contribute to this instability [30, 31]. 
Conversely, overexpression of TIMP-1 has been shown 
to significantly reduce plaque progression and enhance 
the stability of vulnerable plaques in murine vein grafts 
[32]. While multiple studies have explored the effects of 
saffron and its bioactive compounds on atherosclerosis 
[28, 33, 34], these studies primarily focused on different 
biomarkers, including MMP-2, pancreatic lipase, and 
VCAM-1, rather than MMP-9 and TIMP-1. Our study 
is novel in utilizing saffron ethanolic extract instead of 
aqueous extracts or isolated compounds such as cro-
cin or crocetin and specifically evaluating MMP-9 and 
TIMP-1 as key markers of plaque stability. Rabbits were 
selected due to their LDL-dominant lipoprotein metabo-
lism, which closely resembles that of humans, and their 
high sensitivity to a cholesterol-enriched diet, making 
them an ideal model for studying atherosclerotic plaque 
formation and progression [35]. Nevertheless, research 
on the mechanism underlying the antiatherosclerotic 
effects of saffron ethanolic extract in rabbits is limited.

Therefore, this study aimed to investigate the mecha-
nism of the antiatherosclerotic and plaque-stabilizing 
effects of saffron ethanolic extract in experimentally 
induced atherosclerotic rabbits. We also postulated that 
the effects of saffron ethanolic extract on atherosclerosis 
could be mediated by its impact on inflammatory agents 
and matrix metalloproteinases (MMPs).

Methods
Animals
Thirty-six male New Zealand White rabbits were pur-
chased from A Sapphire Enterprise, Malaysia. After the 
rabbits arrived at the animal laboratory, they were quar-
antined for 2 weeks and caged individually in an environ-
mentally controlled clean air room with a temperature of 
22 + 2 °C and a 12-h light/12-h dark cycle with a relative 
humidity of 60 + 5%. This study was approved by the Uni-
versiti Teknologi MARA Committee on Animal Research 
& Ethics with ethical approval number UiTM CARE: 
326/2020. All experiments carried out in this study were 
compliant with the ARRIVE guidelines.

Preparation of saffron ethanolic extract
Saffron, the dried stigma of the flower Crocus Sativus L., 
was purchased from World Care Groups Sdn. Bhd., the 
supplier of SaharKhiz Saffron Co. (Mashhad, Iran) in 
Malaysia. The flowers were harvested in Khorasan Razavi 
Province, located in northeast Iran, in compliance with 
the guidelines established by the Plant Protection Orga-
nization, Ministry of Jihad-e Agriculture, Islamic Repub-
lic of Iran. The stigma of each flower was carefully picked 
and processed and then air-dried in the shade prior to 
extraction. The samples were identified and confirmed 
by a botanist from The National University of Malay-
sia and deposited at the herbarium of this department 
with voucher specimen number ID006/2021 for future 
reference.

The dried stigma of the saffron plant was extracted via 
the maceration method. In brief, 100 g of dried, ground 
saffron stigma was soaked in 1500 mL of 80% ethanol 
(v/v) with a magnetic stirrer for three days at room tem-
perature. The mixture was then filtered and concentrated 
under reduced pressure at 40 °C via a rotary evaporator to 
remove the ethanol. The resulting extract was then stored 
overnight at -80  °C, lyophilized via a freeze dryer, and 
stored at -80 °C until further use. The percentage yield of 
the extract was 50% (w/w). Chromatographic analysis of 
bioactive compounds in a saffron extract from a previous 
study revealed that a 1-gram sample of the dried saffron 
extract contained 29% crocins and 1.9% safranal [36]. An 
ethanol extract was used in this study because it yields 
relatively high concentrations of bioactive compounds 
of saffron, such as crocin, picrocrocin, and safranal [37]. 
Additionally, the total flavonoid content, total phenolic 
content, and antioxidant activity of the ethanolic extract 
were greater than those of other solvents, such as water 
and methanol [38].

Experimental groups
After a 2-week acclimatization period, 36 NZW rabbits 
were randomly assigned to two main groups: the baseline 
group (n = 12) and the treatment group (n = 24).
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(1) Baseline Group: This group was divided into two 
subgroups:

A1 (n = 6): Rabbits were fed a normal diet (ND) for 
2 weeks. This subgroup served as the healthy con-
trol, representing normal conditions without induced 
atherosclerosis.

A3 (n = 6): Rabbits were fed 50 g/kg/day of a 1% high-
cholesterol diet (HCD) for 8 weeks to induce established 
atherosclerosis. This subgroup served as the atheroscle-
rotic control subgroup for comparison with the treat-
ment interventions.

(2) Treatment Group (n = 24): Rabbits were fed the 
same high-cholesterol diet (HCD) for 8 weeks to induce 
established atherosclerosis and further divided into 
four subgroups (n = 6 each) for different treatment 
interventions:

Group I (B2S50): Received 50 mg/kg/day saffron etha-
nolic extract (SAF).

Group II (B2S100): Received 100 mg/kg/day SAF.
Group III (B2statin): Received 2.5  mg/kg/day 

simvastatin.
Group IV (B2DW): Received distilled water as a 

control.
The dosing regimen for saffron ethanolic extract (SAF) 

was adapted from previous studies in rats, where oral 
doses of 100 and 200 mg/kg/day were utilized [39]. The 
doses were then converted from rats to rabbits by the 
conversion formula from a previous study [40]. Simvas-
tatin was administered as a positive control at a dosage 
of 2.5 mg/kg/day, based on a previously established study 
[41].

The baseline group provides a reference for normal 
and atherosclerotic conditions without any treatment, 
whereas the treatment group can be used to evaluate the 
effects of different interventions on atherosclerosis. A 
normal diet was given to the rabbits during the treatment 
period. The experimental design of the study is depicted 
in Fig. 1.

Saffron extract in powdered form was dissolved in 
1 mL of distilled water and administered to the rabbits 
via force-feeding using a 1 mL syringe to ensure precise 
and consistent dosing. The rabbits were gently wrapped 
in a blanket, leaving only their heads exposed. To prevent 
aspiration, the syringe was filled with the appropriate 
dose of saffron extract and checked for air bubbles. The 
syringe was then placed into the diastema, the large space 
between the incisors and premolars, angled back into 
the mouth, and the plunger was pressed slowly. Small 
amounts of the extract were given at a time, allowing the 
rabbits to rest and show signs of chewing and swallow-
ing between doses. This process was repeated until all the 
extract had been administered, ensuring slow feeding to 
avoid aspiration.

At the end of the experiment, the rabbits were anaes-
thetized before being sacrificed to ensure they were 
unconscious and did not experience pain. A total of 
5  mg/kg Xylazine followed by 35  mg/kg Ketamine were 
administered intramuscularly according to standard pro-
tocols, and the animals were maintained under anaes-
thesia until the absence of pain reflexes was confirmed. 
Euthanasia was then performed via intravenous injection 
of 100 mg/kg sodium pentobarbital, following the Ameri-
can Veterinary Medical Association (AVMA) Guide-
lines for the Euthanasia of Animals. This approach was 
selected to minimize suffering and ensure humane treat-
ment in accordance with ethical standards.

Body weight analysis
Body weight (g) was measured in the rabbits at baseline, 
pretreatment (post-HCD feeding), and posttreatment in 
all the groups.

Biochemical analysis
Blood samples were collected from the marginal ear 
vein or the central auricular artery of the rabbits via 
plain tubes. The serum was then separated by high-
speed centrifugation at 4000 rpm for 10 min and stored 

Fig. 1  Experimental design of the study
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at − 80  °C until analysis. Low-density lipoprotein (LDL), 
total cholesterol (TC), triglyceride (TG), and high-den-
sity lipoprotein (HDL) cholesterol levels were measured 
via an automated Roche Cobas c501 analyzer (Basel, 
Switzerland).

Quantification of the atherosclerotic lesion area
After dissection, the whole length of the aorta from the 
ascending aorta down to the bifurcation of the iliac arter-
ies was obtained to evaluate the atherosclerotic lesions. 
A 5 mm section of each aorta specimen (n = 6 per group) 
was removed from the aortic arch of each rabbit, the pri-
mary site of atherosclerosis, for gene expression analysis. 
The remaining part of the aorta underwent quantifica-
tion of atherosclerotic lesions by examining the intimal 
surface through Sudan IV staining, following the method 
described in a previous study, for the assessment of lesion 
size and lipid content [42].

The aortas were gently rinsed with normal saline and 
then longitudinally opened to expose the lumen. The 
opened aortas were pinned flat on cardboard in a stain-
less-steel tray and fixed in 10% neutral buffered formalin 
overnight. After fixation, the aortic vessels were washed 
with 70% ethanol and immersed in Herxheimer solution 
(5 g of Sudan IV in 500 mL of 70% ethanol and 500 mL 
of acetone) for 15 min at room temperature. They were 
then rinsed under running tap water for one hour. The 
stained aortic vessels were placed against a smooth back-
ground for imaging, and photographs were taken with a 
C-740 Ultra Zoom digital camera. Quantitative analysis 
was performed via ImageJ software (National Institute of 
Health) to determine the percentage of Sudan IV-stained 
atherosclerotic regions, which was then used to calculate 
the lesion area relative to the total aortic area. Finally, the 
aortas were immersed in 10% formalin for immunohisto-
chemical analysis.

Immunohistochemical analysis
For immunohistochemical evaluation, samples were 
obtained from three specific regions of the aortic tissue: 
10 mm from the aortic arch, 10 mm from the upper tho-
racic region, and 10 mm above the iliac bifurcation. Each 
section was 15 mm long. The fixed aortic sections were 
then embedded in paraffin blocks. After epitope retrieval, 
the aortic tissue Sects. (4–5 μm thick) were stained with 
the following primary antibodies: intracellular adhesion 
molecule-1 (ICAM-1) (1:100 dilution, MBS2111559; 
MyBioSource, San Diego, CA, USA), vascular cell adhe-
sion molecule-1 (VCAM-1) (1:150 dilution, sc-18864; 
Santa Cruz Biotechnology, Dallas, TX, USA), e-selec-
tin (1:150 dilution, sc-137054; Santa Cruz Biotech-
nology, Dallas, TX, USA), interleukin-6 (IL-6) (1:100 
dilution, MBS2032018; MyBioSource, San Diego, CA, 
USA), interleukin-8 (IL-8) (1:100 dilution, MBS2025703; 

MyBioSource, San Diego, CA, USA), nuclear factor kappa 
B p65 (NF-κB p65) (1:150 dilution, sc-8008; Santa Cruz 
Biotechnology, Dallas, TX, USA), matrix metalloprotein-
ases-9 (MMP-9) (1:100 dilution, sc-13520; Santa Cruz 
Biotechnology, Dallas, TX, USA) and the tissue inhibi-
tor of matrix metalloproteinases 1 (TIMP-1) (1:100). The 
sections were then washed with wash buffer and incu-
bated with an anti-mouse immunoglobulin biotinylated 
secondary antibody (Agilent Technologies, Santa Clara, 
CA, USA) for one hour, followed by incubation with 
streptavidin-peroxidase for another hour. The sections 
were then stained with DAB according to the manufac-
turer’s protocol, and the nuclei were counterstained with 
hematoxylin. Immunostained sections were observed 
under a histopathology microscope (Olympus BX61 
Upright Fluorescence Microscope), and pictures of each 
aortic vessel were saved as TIFF images. The immunohis-
tochemical staining was scored semiquantitatively as 0: 
(no staining), + 1: (0–10% staining), + 2: (10–25% stain-
ing), or + 3: (> 25% staining) by two blinded observers.

qRT‒PCR analysis
The process of extracting RNA was performed following 
the manufacturer’s instructions. Total RNA was isolated 
from the aortas of atherosclerotic rabbits via the RNA 
extraction kit NucleoSpin® RNA Plus (Macherey Nagel, 
Düren, Germany). Reverse transcription was carried 
out via an Applied Biosystems™ Veriti™ 96-Well Thermal 
Cycler (Thermo Fisher Scientific, Waltham, MA, USA) 
to synthesize complementary DNA (cDNA). One hun-
dred nanograms of template RNA was used for cDNA 
synthesis in a final volume of 20 µL following the man-
ufacturer’s instructions. Real-time quantitative reverse 
transcription polymerase chain reaction (qRT‒PCR) was 
performed on a real-time PCR system CFX96 Touch™ 
Real-Time PCR Detection System using BlasTaq™ 2X 
qPCR MasterMix (Applied Biological Materials, Van-
couver, Canada) according to the manufacturer’s proto-
cols. The target genes were inflammatory markers (IL-8, 
IL-6, and NF-κB p65) and endothelial activation markers 
(ICAM-1, VCAM-1, and e-selectin). The sequences of 
the primers used for each gene are shown in additional 
file 6. All the PCRs were performed in triplicate, and the 
relative expression levels of different groups were calcu-
lated via normalization to the mRNA expression levels of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
β-actin, and hypoxanthine phosphoribosyl transferase 1 
(HPRT-1) via the 2−ΔΔCT or Livak methods [43].

Statistical analysis
Data normality was verified via the Shapiro‒Wilk test. 
The results are expressed as the mean ± standard error 
of the mean (SEM). Within groups, changes were ana-
lyzed by paired samples t tests. Comparisons between 
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groups were conducted via one-way analysis of variance 
(ANOVA) with the Bonferroni post hoc correction. Cat-
egorical parameters for immunohistochemical analysis 
were compared via Fisher’s exact test. Differences with a 
p value of < 0.05 were considered statistically significant. 
The data were analyzed via SPSS software version 27.0 
(Chicago, IL, USA).

Results
Bodyweight analysis
The body weight of New Zealand White rabbits (NZWRs) 
significantly increased after being fed a 1% high-choles-
terol diet (HCD) for 8 weeks compared with the baseline 
body weight in all groups (p < 0.05). However, statins, 50 
and 100  mg/kg saffron ethanolic extract (SAF), and the 
placebo had no significant effect on the body weight of 
NZWR throughout the experimental period compared 
with that in the pretreatment group (p > 0.05) (Fig. 2 and 
additional file 1).

Biochemical analysis
LDL and TC significantly increased in all the groups at 
the pretreatment level compared with the baseline level 
(p < 0.01). TG levels were significantly lower in the B2S50, 
B2S100 and B2DW groups than in the baseline group 
(p < 0.05).

Interestingly, posttreatment with 50 and 100 mg/kg/day 
SAF and statins markedly decreased TC and LDL in all 

the groups compared with those in the pretreatment and 
B2DW groups (p < 0.01). TG significantly increased after 
treatment with 50  mg/kg/day SAF (p < 0.05), whereas 
HDL decreased after treatment with 100 mg/kg/day SAF 
(p < 0.01) (Fig. 3 and additional file 2).

Quantification of atherosclerotic lesions in the aorta
After an 8-week intervention with HCD, the A3 group 
presented a significant increase in atherosclerotic lesions 
in the aorta (11.88 ± 2.09%) compared with baseline 
(p < 0.01). Following HCD intervention, the rabbits were 
subjected to various treatments for 8 weeks. Among 
them, those administered statins showed the greatest 
percentage reduction in the aortic lesion area, reach-
ing 3.10 ± 0.77%, followed by those given 100 mg/kg/day 
SAF (4.08 ± 0.52%) and 50 mg/kg/day SAF (9.33 ± 0.57%). 
Compared with the other groups, the placebo group 
presented the highest percentage of aortic lesions 
(14.15 ± 0.57%) (Fig. 4 and additional file 3).

Immunohistochemical findings
VCAM-1, ICAM-1, and E-selectin expression signifi-
cantly increased in the endothelium after 8 weeks of a 
high-cholesterol diet (HCD) (p < 0.01). Following treat-
ment with 50 or 100  mg/kg/day SAF, the expression 
of these adhesion molecules in the endothelium sig-
nificantly decreased (p < 0.05), although the decrease 
in E-selectin was not significant. Additionally, post-
treatment with both doses of SAF significantly reduced 
VCAM-1 and E-selectin expression in macrophages 
(p < 0.05). While lower ICAM-1 expression was observed 
in the macrophages of the B2S100 and B2statin groups 
than in those of the A3 group, this reduction was not sig-
nificant (p > 0.05) (Fig. 5 and additional file 4).

As anticipated, there was a significant increase in IL-6 
and NF-κB expression within the endothelium follow-
ing 8 weeks of HCD intervention (p < 0.05). Additionally, 
a significant increase in endothelial IL-8 expression was 
observed in the placebo group (B2DW) compared with 
the A1 group (p < 0.05). Compared with A3 and B2DW, 
treatment with 100  mg/kg/day SAF or statins signifi-
cantly reduced NF-κB and IL-6 endothelial expression 
(p < 0.01) (Fig. 6 and additional file 4).

Plaque stability effect of saffron extract
After 8 weeks of HCD intervention, there was a notable 
increase in MMP-9 and TIMP-1 expression in the endo-
thelium (p < 0.05) compared with that in the A1 group 
(p < 0.01). Compared with the A3 group, the 100 mg/kg/
day SAF (p < 0.01) and statin (p < 0.05) groups presented 
significantly reduced endothelial MMP-9 expression. 
Additionally, following statin treatment, TIMP-1 expres-
sion in the endothelium was significantly greater than 
that in the B2DW group (p < 0.05) (Fig. 7 and additional 

Fig. 2  Effects of SAF on the body weight of NZWR at baseline, pretreat-
ment, and posttreatment. The data are presented as the means ± SEMs 
(n = 6). Significance from baseline is represented as * at p < 0.05. B2S50: 
Rabbits given 50  mg/kg/day SAF for 8 weeks; B2S100: Rabbits given 
100  mg/kg/day SAF for 8 weeks; B2statin: Rabbits given 2.5  mg/kg/day 
simvastatin for 8 weeks; B2DW: Rabbits given distilled water for 8 weeks
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Fig. 4  Effects of SAF on the percentage of atherosclerotic lesions in the aortas of NZWRs. The thick arrow indicates the lesion area, whereas the thin arrow 
denotes the aorta without lesions. The values are expressed as the means ± SEMs of six rabbits. ** p < 0.01 versus A1. ## p < 0.01 versus A3. §§ p < 0.01 
versus B2DW. †† p < 0.01 versus B2statin. ^^ p < 0.01 versus B2S50. A1: Rabbits given normal diet for 2 weeks; A3: Rabbits given HCD for 8 weeks; B2S50: 
Rabbits given 50 mg/kg/day SAF for 8 weeks; B2S100: Rabbits given 100 mg/kg/day SAF for 8 weeks; B2statin: Rabbits given 2.5 mg/kg/day simvastatin 
for 8 weeks; B2DW: Rabbits given distilled water for 8 weeks

 

Fig. 3  Effects of SAF on the serum lipid profile of rabbits at baseline, pretreatment, and posttreatment. The data are presented as the means ± SEMs 
(n = 6). Significance from baseline is represented as * at p < 0.05. Significance from pretreatment is represented as follows: # at p < 0.05 and ## p < 0.01. 
Significance from B2DW is represented as follows: § at p < 0.05 and §§ p < 0.01. B2S50: Rabbits given 50 mg/kg/day SAF for 8 weeks; B2S100: Rabbits given 
100 mg/kg/day SAF for 8 weeks; B2statin: Rabbits given 2.5 mg/kg/day simvastatin for 8 weeks; B2DW: Rabbits given distilled water for 8 weeks
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file 4). A more detailed presentation of the results for 
each immunohistochemistry biomarker can be found in 
additional file 4.

Gene expression in the aorta
VCAM-1 gene expression in the aorta of rabbits in the 
A3 group was significantly greater than that in the A1 
group (8.9-fold, p < 0.01). Posttreatment with both SAF 
and statins significantly decreased VCAM-1 gene expres-
sion in the aorta compared with that in the A3 and 
B2DW groups (p < 0.01).

E-selectin gene expression in the aortas of rabbits in 
the A3 group was significantly greater than that in the 
A1 group (24.8-fold, p < 0.01). Compared with A3 and 
B2DW, posttreatment with both doses of SAF and statins 
significantly decreased E-selectin gene expression in the 
aorta (p < 0.01).

ICAM-1 gene expression in the aorta of rabbits in the 
A3 group was significantly greater than that in the A1 
group (11.3-fold, p < 0.01). Compared with the A3 and 
B2DW groups, the SAF and statin groups presented 

Fig. 5  Percentage of samples and representative images of aortas demonstrating positive immunohistochemical expression of VCAM-1, ICAM-1, and E-
selectin in (a) the endothelium (thin arrow) and (b) macrophages (thick arrow). All depositions identified via immunohistochemistry on the endothelium 
and macrophages were semiquantitatively scored as follows: 0 (no staining), + 1 (0–10% staining), + 2 (10–25% staining), or + 3 (> 25% staining). * p < 0.05 
versus A1. ** p < 0.01 versus A1. # p < 0.05 versus A2. § p < 0.05 versus B1DW. ^^ p < 0.01 versus B1S50. A1: Rabbits given normal diet for 2 weeks; A3: Rab-
bits given HCD for 8 weeks; B2S50: Rabbits given 50 mg/kg/day SAF for 8 weeks; B2S100: Rabbits given 100 mg/kg/day SAF for 8 weeks; B2statin: Rabbits 
given 2.5 mg/kg/day simvastatin for 8 weeks; B2DW: Rabbits given distilled water for 8 weeks
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significantly decreased ICAM-1 gene expression in the 
aorta (p < 0.01).

Compared with that in the A1 group, IL-6 gene expres-
sion in the aorta of the A3 group was significantly 
increased (up to 13.5-fold) (p < 0.01). Conversely, the aor-
tas of rabbits treated with 50 and 100 mg/kg/day SAF and 
statins presented a notable reduction in IL-6 gene expres-
sion compared with those of the A3 and B2DW groups 
(p < 0.01).

IL-8 gene expression in the A3 group significantly 
increased up to 17-fold compared with that in the A1 
group in the established atherosclerosis model (p < 0.01). 
Conversely, the B2S50, B2S100, B2statin, and B2DW 
groups presented notable decreases in IL-8 gene expres-
sion compared with the A3 group (p < 0.01). Notably, the 
B2S100 and B2statin groups presented significantly lower 
IL-8 gene expression than the B2DW group did (p < 0.01).

Fig. 6  Percentage of samples and representative images of aortas demonstrating positive immunohistochemical expression of IL-6, IL-8 and NF-κB p65 
in (a) the endothelium (thin arrow) and (b) macrophages (thick arrow). All depositions identified via immunohistochemistry on the endothelium and 
macrophages were semi-quantitatively scored as follows: 0 (no staining), + 1 (0–10% staining), + 2 (10–25% staining), or + 3 (> 25% staining). * p < 0.05 
versus A1. ** p < 0.01 versus A1. # p < 0.05 versus A3. ## p < 0.01 versus A3. § p < 0.05 versus B2DW. §§ p < 0.01 versus B2DW. † p < 0.05 versus B2statin. †† 
p < 0.01 versus B2statin. ̂ ^p < 0.01 versus B2S50. A1: Rabbits given normal diet for 2 weeks; A3: Rabbits given HCD for 8 weeks; B2S50: Rabbits given 50 mg/
kg/day SAF for 8 weeks; B2S100: Rabbits given 100 mg/kg/day SAF for 8 weeks; B2statin: Rabbits given 2.5 mg/kg/day simvastatin for 8 weeks; B2DW: 
Rabbits given distilled water for 8 weeks
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Compared with that in the A1 group, NF-κB gene 
expression in the A3 group notably increased up to 6.5-
fold (p < 0.01). Compared with A3 and B2DW, both SAF 
and statin significantly decreased NF-κB gene expression 
in the aorta (p < 0.01) (Fig. 8 and additional file 5).

Discussion
The present study is the first to provide evidence that 
saffron ethanolic extract ameliorates the develop-
ment of atherosclerosis in rabbits, potentially through 
its anti-inflammatory effects. This is supported by the 
observed reduction in vascular endothelial markers, pro-
inflammatory cytokines, and matrix metalloproteinases. 
These effects may contribute to improved lipid profiles, 
decreased atherosclerotic lesion severity, and enhanced 
plaque stability in the aorta.

Two doses of SAF (50 and 100 mg/kg/day) and simvas-
tatin (2.5 mg/kg/day), which are 3 hydroxy-3-methylglu-
taryl-CoA reductase inhibitors, were tested. The groups 
initially received HCD alone for 8 weeks and then were 
treated orally with SAF or simvastatin for 8 weeks with-
out HCD.

According to our previous study, an 8-week duration 
of 1% HCD feeding can lead to an increase in blood lipid 
levels and the development of atherosclerotic plaque for-
mation [44]. In this study, we established atherosclerotic 
rabbit models via HCD feeding to explore the therapeutic 
effects of SAF on atherosclerosis. After 8 weeks of HCD 
intervention, the rabbits presented increases in body 
weight, hypercholesterolemia, and atherosclerotic plaque 
formation, as well as elevated protein expression associ-
ated with endothelial activation and pro-inflammatory 
biomarkers.

Obesity or excess body weight is an independent risk 
factor for atherosclerotic cardiovascular disease [45]. 
Obesity leads to more than 3.4  million deaths annually, 
primarily due to its role in chronic inflammation, which 
is a significant factor in the development of atheroscle-
rosis [46]. In our study, the body weights of the rabbits 
significantly increased after HCD feeding. However, after 
treatment with both doses of SAF and statins, no signifi-
cant reduction in body weight was observed. Consistent 
with a previous meta-analysis, no significant decrease in 
body weight was observed following saffron supplemen-
tation among obese patients [47]. Additionally, a previous 

Fig. 7  Percentage of samples and representative images of aortas demonstrating positive immunohistochemical expression of MMP-9 and TIMP-1 in (a) 
the endothelium (thin arrow) and (b) macrophages (thick arrow). All depositions identified via immunohistochemistry on the endothelium and macro-
phages were semi-quantitatively scored as follows: 0 (no staining), + 1 (0–10% staining), + 2 (10–25% staining), or + 3 (> 25% staining). * p < 0.05 versus A1. 
** p < 0.01 versus A1. # p < 0.05 versus A3. ## p < 0.01 versus A3. § p < 0.05 versus B2DW. A1: Rabbits given normal diet for 2 weeks; A3: Rabbits given HCD 
for 8 weeks; B2S50: Rabbits given 50 mg/kg/day SAF for 8 weeks; B2S100: Rabbits given 100 mg/kg/day SAF for 8 weeks; B2statin: Rabbits given 2.5 mg/
kg/day simvastatin for 8 weeks; B2DW: Rabbits given distilled water for 8 weeks
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in vivo study using male Sprague Dawley rats as an ani-
mal model reported that the administration of 40 and 
80 mg/kg saffron extract for 8 weeks led to an insignifi-
cant reduction in the body weight of the rats [36]. These 
results contradict those of previous studies that dem-
onstrated a significant reduction in body weight in rats 
following the administration of saffron ethanolic extract 
[25, 48]. A recent study revealed that, compared with rats 
fed a chow diet, those fed 125 or 250 mg/kg saffron pow-
der for 6 weeks presented a significant reduction in body 
weight [49]. In a clinical trial, saffron extract was shown 
to increase satiety and decrease appetite in overweight 
women, resulting in weight loss [50]. This inconsistency 
in results may be attributed to various factors, such as 
the differences in doses, durations and types of saffron 
extract used in the studies.

Assessing the lipid profile is a firmly established 
method for evaluating the risk of atherosclerosis [51]. 
Consequently, it has been extensively utilized as a cor-
nerstone of cardiovascular disease prevention and as a 
focal point for pharmacological treatments in clinical 
practice for several decades [52]. Numerous prior in vivo 

and clinical trial investigations have validated that simv-
astatin effectively lowers LDL and TC levels in hyperlip-
idemic subjects [53–56], potentially by increasing LDL 
receptor expression on the surface of the liver, which 
leads to increased uptake of LDL from the blood into the 
liver, subsequently decreasing the levels of other ApoB-
containing lipoproteins, such as LDL, in the bloodstream 
[57]. This effect was further supported by our study, 
which demonstrated the hypolipidemic effects of SAF 
and simvastatin in atherosclerotic rabbits. Although sev-
eral studies have explored the effects of saffron admin-
istration on lipid profiles, the findings are inconsistent. 
In some studies, saffron supplementation significantly 
reduced lipid profiles, whereas other studies failed to 
observe such significant effects [21, 58–61]. An interest-
ing observation in the current study was the decrease in 
LDL and TC following intervention with both doses of 
SAF; however, there were no significant effects on TG or 
HDL levels. It is plausible that a longer duration of saf-
fron treatment is necessary to increase HDL levels, as 
suggested by a previous meta-regression analysis study 
[59]. Several previous studies have shown that saffron 

Fig. 8  Effects of SAF on VCAM1, ICAM-1, E-selectin, IL-6, IL-8 and NF-κB gene expression in the aortas of atherosclerotic rabbits. ** p < 0.01 versus A1, ## 
p < 0.01 versus A3, § p < 0.05 versus B2DW, §§ p < 0.01 versus B2DW, † p < 0.05 versus B2statin, †† p < 0.01 versus B2statin, ^ p < 0.05 versus B2S50. A1: Rab-
bits given normal diet for 2 weeks; A3: Rabbits given HCD for 8 weeks; B2S50: Rabbits given 50 mg/kg/day SAF for 8 weeks; B2S100: Rabbits given 100 mg/
kg/day SAF for 8 weeks; B2statin: Rabbits given 2.5 mg/kg/day simvastatin for 8 weeks; B2DW: Rabbits given distilled water for 8 weeks
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extracts significantly reduce TG levels [25, 62–64]. The 
insignificant reduction in TG levels observed in our study 
may be due to differences in extraction methods, dosages, 
and durations compared with those used in prior studies.

To the best of our knowledge, this is the third study 
indicating the direct antiatherosclerotic effects of saf-
fron by assessing atherosclerotic plaques in vivo. The first 
study revealed that administering crocetin, one of the 
major bioactive compounds in saffron, to rabbits signifi-
cantly reduced atherosclerotic lesions in the aortas of the 
rabbits [33]. Another study reported that saffron aqueous 
extract attenuates the progression of atherosclerosis and 
increases plaque stability in apo E−/− mice through the 
amelioration of inflammatory markers [28]. High levels 
of LDL and low levels of HDL in the blood contribute to 
an increased probability of atherosclerotic plaque devel-
opment in the arteries [65]. Hence, our study suggests 
that the potential reduction in plaque development in the 
aorta following treatment with higher doses of SAF and 
simvastatin may be attributed to the lower levels of LDL 
and TC detected in the bloodstream of the rabbits.

Research has shown that the consumption of HCD and 
lipid peroxidation lead to an inflammatory response that 
triggers the production of reactive oxygen species (ROS) 
[66]. ROS play a significant role in atherogenesis by acti-
vating NF-κB in vascular smooth muscle cells [67]. Acti-
vated NF-κB increases the production of inflammatory 
cytokines, such as TNFα, IL-1β, IL-6, and IL-8. These 
cytokines contribute to the inflammatory response within 
the arterial wall by promoting endothelial dysfunction, 
promoting the release of adhesion molecules such as 
VCAM-1, ICAM-1, and e-selectin. These biomarkers 
play crucial roles in regulating leukocyte recruitment to 
inflammatory sites, subsequently promoting the develop-
ment of atherosclerotic lesions [68]. To further elucidate 
the mechanism by which saffron reduces atherosclerotic 
lesion areas in the aorta of rabbits, we assessed endothe-
lial activation and pro-inflammatory biomarker expres-
sion via immunohistochemistry. We confirmed in the 
present study that VCAM-1, ICAM-1, e-selectin, IL-6, 
IL-8 and NF-κB are nearly absent in healthy endothelium 
but are evidently induced in irregular endothelium cov-
ering atherosclerotic plaques in rabbits. Interestingly, all 
these biomarkers decreased after treatment with a rela-
tively high dose of SAF or statins, although some changes 
were not statistically significant.

To corroborate the tissue expression findings, we per-
formed gene expression analysis via qRT‒PCR. The 
results from both the tissue and gene expression analy-
ses in our study are in line with each other, demonstrat-
ing a significant decrease in the expression of endothelial 
activation genes (VCAM-1, ICAM-1, and e-selectin) and 
pro-inflammatory genes (IL-6, IL-8, and NF-κB) follow-
ing treatment with SAF and statins.

Extensive research has consistently revealed that anti-
oxidants inhibit the expression of adhesion molecules, 
thereby slowing the progression of atherosclerosis 
[69–71]. Research on the medicinal properties of saf-
fron revealed that saffron has strong antioxidative activ-
ity, which is primarily attributed to the presence of its 
major bioactive compounds, such as crocin, crocetin 
and safranal [38]. A previous in vivo study reported that 
crocetin could decrease VCAM-1 in atherosclerotic rab-
bits by blocking the NF-κB signaling pathway [33]. In 
addition, a study revealed that the intraperitoneal injec-
tion of a hydroethanolic extract of saffron could reduce 
the mRNA expression levels of ICAM-1 in Wistar rats 
[72]. According to a prior in vitro study, saffron and cro-
cin could downregulate the expression of e-selectin in 
lipopolysaccharide-stimulated human coronary artery 
endothelial cells [73]. These findings suggest that the 
antiatherosclerotic effects of SAF might be attributed, at 
least in part, to the antioxidant capacity of its major bio-
active compounds [74].

Saffron and its main constituents also have the poten-
tial to decrease the levels of pro-inflammatory cytokines. 
One study demonstrated that ethanolic and aqueous saf-
fron extracts relieved neuropathic pain in a chronic con-
striction injury model by inhibiting pro-inflammatory 
factors such as TNF-α, IL-6, and IL-1β [75]. A recent 
in vitro investigation revealed that crocin and crocetin 
reduced cell cytotoxicity and decreased the level of IL-8, 
an inflammatory cytokine, by blocking the NF-κB signal-
ing pathway [13]. Another study reported that crocin at 
50 mg/kg reduced nephropathy in mice and activated the 
Nrf2 signaling pathway, leading to the downregulation of 
NF-κB [76]. Nevertheless, our study is the first to report 
the effects of saffron extract on the abovementioned bio-
markers in atherosclerotic rabbits.

To gain further insight into the plaque stabilizing 
mechanisms of SAF, we assessed the effects of both doses 
of SAF on the tissue expression of MMP-9 and its inhibi-
tor, TIMP-1. To our knowledge, this is the first study to 
investigate the impact of saffron extracts on plaque sta-
bility by evaluating the tissue expression of MMP-9 and 
TIMP-1 in the aorta of atherosclerotic rabbits.

MMP-9 is an enzyme that breaks down extracellular 
matrix proteins and is involved in a variety of physiologi-
cal and pathological processes, such as inflammation and 
tissue remodeling [6]. In the context of atherosclerosis, 
MMP-9 has been implicated in the development and pro-
gression of the disease. Research indicates that MMP-9 
levels are elevated in vulnerable plaques compared with 
stable plaques. MMP-9 also serves as an indicator to 
predict the instability of atherosclerotic plaques and as a 
risk factor for future adverse cardiovascular events [77]. 
Therefore, MMP-9 is considered a potential biomarker 



Page 13 of 17Rahim et al. BMC Complementary Medicine and Therapies          (2025) 25:187 

and therapeutic target in the management of atheroscle-
rosis and related cardiovascular diseases.

Tissue inhibitors of metalloproteinases (TIMPs) are 
a family of naturally occurring primary physiological 
inhibitors of MMPs [78]. The presence of TIMP-1 activ-
ity within atherosclerotic plaques seems to be correlated 
with reduced MMP activity, leading to decreased matrix 
remodeling [79]. The preference for TIMP-1 over other 
TIMPs in this study is attributed to its high-affinity inhi-
bition of MMP-9 [80, 81]. Maintaining an equilibrium 
between MMPs and TIMPs could be essential in extracel-
lular matrix turnover, thereby modulating atherosclerotic 
plaque development [82].

In our study, high doses of SAF and simvastatin sig-
nificantly reduced the tissue expression of MMP-9 in the 
endothelium and atherosclerotic plaque. Similar effects 
of saffron extract on MMP-9 have been presented in a 
previous study. A previous study revealed that saffron 
regulates various transcription factors, including NF-κB, 
which is associated with the production of MMP-9 
[83, 84]. In a separate study, it was reported that treat-
ment with saffron extract for one year decreased serum 
MMP-9 and increased serum TIMP-1 levels in patients 
with multiple sclerosis [85].

In contrast, in our study, the expression of TIMP-1 did 
not differ from that of MMP-9 in the treatment group. 
This disparity could be attributed to the prolonged pres-
ence of net MMP-9 activity in advanced plaques [86], 
resulting in inadequate endogenous levels of TIMP-1 to 
achieve complete inhibition [87, 88]. Intriguingly, a pre-
vious study revealed that statins inhibited MMP-9 secre-
tion from rabbit smooth muscle cells and foam cells in a 
dose-dependent manner. However, no effect on TIMP-1 
synthesis was observed, resulting in an imbalance in the 
MMP-9/TIMP-1 ratio [89]. In conclusion, the lack of 
impact of SAF and statins on TIMP secretion implies a 
selective posttranslational mechanism targeting MMPs 
rather than a general inhibition of protein synthesis. 
However, in our study, SAF still demonstrated plaque-
stabilizing effects, albeit by inhibiting MMP-9 expres-
sion rather than increasing TIMP-1 expression in the 
endothelium and atherosclerotic lesion area of the rabbit 
aorta.

Despite the encouraging findings of our study, there 
are several limitations to consider. First, the assessment 
of plaque vulnerability in NZWRs fed a high-cholesterol 
diet (HCD) is typically indirect, as spontaneous plaque 
rupture is rarely observed in atherosclerotic plaques. 
However, atherosclerotic lesions in NZWRs share com-
mon characteristics with human unstable plaques, such 
as a thin fibrous cap and the presence of a necrotic core, 
and mimic some of the processes that lead to plaque 
rupture. Therefore, this animal model remains valid for 
studying plaque texture.

Nonetheless, it is crucial to proceed with caution when 
extrapolating our experimental findings to clinical con-
texts, as outcomes observed in controlled laboratory 
settings may not necessarily apply directly in clinical 
settings. However, the relative quantification of protein 
expression within the endothelium and macrophages via 
immunohistochemistry, along with the quantification of 
endothelial activation and pro-inflammatory genes via 
qRT‒PCR, provides compelling evidence. Additionally, 
the statistically significant differences observed between 
the treatment groups and the baseline and control groups 
further support the inhibitory effects of the saffron etha-
nolic extract on inflammatory mediators. In this study, 
the levels of inflammatory cytokines such as TNFα, 
IL-1β, IL-6, and IL-8 in the plasma were not assessed. 
The focus was directed toward the localized inflam-
matory response within the aortic tissue, aiming for a 
more direct correlation with the observed pathological 
changes. While recognizing the potential value of mea-
suring plasma cytokine levels, these assessments were 
outside the scope of the study. Thus, future research is 
essential to validate these findings further. Additionally, 
our study focused on analyzing MMP9 protein expres-
sion to understand molecular changes in aortic tissue. 
Although in situ zymography could have provided more 
comprehensive insight into the role of MMP9, technical 
limitations prevented its inclusion in this study. None-
theless, previous research has demonstrated robust 
correlations between MMP9 protein levels and its activ-
ity [90–92]. Future studies should aim to incorporate 
assessments of both MMP9 protein expression and its 
enzymatic activity to enhance the understanding of its 
functions. Besides, this study primarily focused on the 
inflammatory and endothelial responses associated with 
atherosclerosis and did not investigate the direct molec-
ular mechanisms underlying saffron ethanolic extract’s 
impact on lipid metabolism. Future studies incorporating 
lipidomic profiling and mechanistic assays are warranted 
to fully elucidate its lipid-modulating effects.

In summary, our findings suggest that saffron etha-
nolic extract mitigates atherosclerosis progression and 
promote plaque stability in atherosclerotic rabbits, 
potentially through its anti-inflammatory effects. Our 
results demonstrate a reduction in endothelial activation 
markers, pro-inflammatory cytokines, and matrix metal-
loproteinases, which are associated with atherosclerosis 
progression. While this study highlights the vascular-
protective effects of saffron ethanolic extract, its direct 
impact on lipid metabolism warrants further investiga-
tion. To the best of our knowledge, this is the first study 
to report the plaque-stabilizing effects of saffron extract 
by examining the tissue expression of MMP-9 and TIMP-
1, supporting its potential as an adjunctive therapy for 
atherosclerosis.
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Conclusion
In conclusion, as shown in Fig.  9, saffron ethano-
lic extract demonstrates a therapeutic effect in HCD-
induced atherosclerotic rabbits, potentially through its 
anti-inflammatory properties. This is supported by the 
observed reduction in the tissue and gene expression of 
pro-inflammatory cytokines, endothelial activation bio-
markers, and matrix metalloproteinases. These effects 
may contribute to improved lipid profiles, decreased 
severity of atherosclerotic lesions, and enhanced plaque 
stability in the aorta. While saffron ethanolic extract 
shows promise as an adjunctive treatment for atheroscle-
rosis, further studies are warranted to elucidate its direct 
impact on lipid metabolism.
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