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Introduction
Ischemia is a condition in which the circulation fails to provide 

the oxygen and other metabolites required by the tissue, and to 
eliminate the waste products [1]. Reperfusion is the recovery of blood 
flow and oxygen to a hypoxic tissue [2]. Restoring the circulation in 
extremities following acute extremity ischemia is associated with 
severe tissue injury and systemic complications [3]. The free oxygen 
radicals produced upon reperfusion of the extremity which has 
remained ischemic for a long time rapidly increases lipid peroxidation 
by interacting with the endothelium and neutrophils, thereby inducing 
several local and systemic effects [4]. The effects of oxygen metabolites 
observed during reperfusion lead to impairment in the function and 
morphology of the membrane lipids [5]. Reperfusion triggers the onset 
of a complex inflammatory cycle and thus an injury to the extremity 
itself and certain target tissues [6].

Flaxseed (L. Usitatissimum) contains ligans, particularly the 
Secoisolariciresinol diglucoside (SDG) [7,8]. The isolated SDG lignan 
is involved in cholesterol metabolism, and reduces the amount of 
cholesterol and cholesterol esters stored in the liver [9]. In addition, 
the fatty acid alpha-linoleic acid (ALA), the precursor of Omega-3, 
is found abundantly in flaxseed [10,11], in the present study, we 
aimed to investigate the effect of flaxseed (L. Usitatissimum) in a 
hypercholesterolemic lower extremity ischemia-reperfusion rat model. 
Additionally, the relationship between oxidative stress markers and 

blood cholesterol parameters were compared between groups with or 
without flaxseed supplementation.

Material and Method
Thirty-eight female Wistar rats weighing 200 to 250 grams on 

average, obtained from BezmiÂlem Foundation University Faculty 
of Medicine, Experimental Animal Production Laboratory were 
used in the present study. The rats were randomly assigned to four 
groups. Before the study, the rats were kept in wire cages for a week 
under circadian rhythm of 12-hours day and 12-hours night at an 
environmental temperature of 24-26°C and a moisture rate of 50-60%. 
The feeding was discontinued 12 hours before the start of the study; 
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however, the animals were allowed to drink water. The caring of the 
rats was conducted in accordance with the “Guideline on the Care 
and Use of Laboratory Animals” prepared by the Laboratory Animals 
Resources Institute and issued by the National Health Institute (NIH 
issue no: 85-23, revised in 1985), and the “Principles of Experimental 
Animal Care”. The study protocol and the experimental method 
were approved by the BezmiÂlem Foundation University Faculty 
of Medicine Ethics Committee. All the rats used in the study were 
weighed before the study and the body weights were recorded. The 
surgeries performed under general anesthesia utilizing 35 mg/kg of 
ketamine hydrochloride (Ketalar, Eczacıbaşı, İstanbul, Türkiye) and 
5 mg/kg xylazine hydrochloride (Rompun, Bayer, İstanbul, Türkiye) 
intramuscularly. 1/3 of this dose was repeated via IM route whenever 
required.

Study Design (Experimental Model)
The rats were randomly assigned to one of the four groups:

•	 Group 1 (8 rats): sham subject group: normal rat diet for 4 
weeks.

•	 Group 2 (10 rats): the group fed by flaxseed for 4 weeks (40 mg/
kg body lignan complex).

•	 Group 3 (10 rats): the group fed by cholesterol diet for 4 weeks 
(0.1% cholesterol containing feed).

•	 Group 4 (10 rats): the group fed by cholesterol diet+flaxseed 
for 4 weeks (0.1% cholesterol containing rat feed+40 mg/kg 
body lignan complex). 

The procedure was carried out under a heating lamp with the rats 
in supine position (Supplementary figure 1). The skin was prepared 
aseptically, and an incision was performed approximately 2 cm medial 
to the left infrainguinal region in rats (Supplementary figure 2). The left 
common femoral artery, the femoral vein and the femoral nerve were 
carefully explored. A non-traumatic microvascular clamp was placed 
on the left common femoral artery (Vascu-statts II®, midi straight 
1001-532; Scanlan Int., St. Paul, MN, USA) (Supplementary figure 3). 
The microvascular clamp on the common femoral artery was removed 
120 minutes later and reperfusion was applied for 120 minutes. The 
lower extremity ischemia was confirmed by loss of pulsation of the 
distal femoral artery during clamping while reperfusion was confirmed 
by recovery of pulsation of the femoral artery after removal of the 
clamp. Blood flow was measured using Laser Doppler during the stages 
of ischemia and reperfusion in all groups.

At the end of reperfusion period, blood samples were obtained 
from the right ventricular chamber using a 5-cc injector. Tissue samples 
were obtained from left gastrocnemius muscle and the left femoral 
artery. The femoral artery and the muscle tissue samples were stored 
in 10% formaldehyde solution. The blood samples were centrifuged at 
4000 rpm for 10 minutes and the plasma samples were stored at -80°C. 
The rats were subsequently sacrificed.

The plasma samples were allowed to reach room temperature 
and measurements were performed for serum total cholesterol, 
triglyceride, HDL and LDL levels, Total Oxidant Capacity (TOC) and 
total antioxidant capacity (TAC) values - the indicators of ischemia-
reperfusion injury. 

The tissue samples were fixed in neutral formaldehyde solution 
with 10% buffer for 24 hours for histo-pathological examination. All 
samples were routinely followed in a tissue monitoring device (Shandon 

Pathcenter), and paraffin blocks were prepared. 5-µm thickness 
serial sections were prepared using a microtome (Leica Rotary) for 
each tissue sample, and stained by Hematoxylene Eosin (HE) and 
immunohistochemical (IHC) dyes. Histopathological investigation 
was performed using a light microscope. All groups were assessed for 
cell infiltration (scored between 1+ and 3+ according to the neutrophil 
infiltration and edema intensity). 

Statistical Analysis
Statistical analysis was performed using the SPSS 13.0 software 

(SPSS Inc, Chicago, IL, USA). One-way ANOVA test was used to 
determine the significant differences between the groups, and Tukey’s 
test was used to determine the differences within the groups. P<0.05 
was considered statistically significant.

Results
The group fed by the cholesterol diet had a significantly higher 

weight gain compared to the control, flaxseed and flaxseed+cholesterol 
groups (p<0.05). In the samples obtained from the group fed by 
cholesterol, serum triglyceride levels and serum total cholesterol 
levels were significantly higher compared to the other groups (p<0.05) 
(Figure 1).

The overall change in Doppler blood flow was significant during 
ischemia however, this difference was not significant between the 
groups (Figure 2). During the reperfusion stage in the cholesterol diet 
group, the blood flow measured by Doppler was significantly lower 
relative to the other groups (p<0.05) (Figure 3).

There was no significant difference between the groups with respect 
to TAC and TOC results (TAC p=0.69) (TOC p=0.85) (Figure 4).

Histopathological assessment of the femoral artery tissue sections 
among hypercholesterolemic rats revealed extensive inflammatory 
infiltration involving leukocytes and lymphocytes with perivascular, 
highly polymorphous nuclei in the group which did not receive 
flaxseed while there was minimal inflammatory infiltration involving 
leukocytes and lymphocytes with polymorphous nuclei in the group fed 
by flaxseed (p<0.05). Based on the IHC evaluation of the gastrocnemius 
muscle tissue sections among hypercholesterolemic rats, the group 
that did not receive flaxseed had extensive neutrophil infiltration and 
edema while there was minimal neutrophil infiltration and edema in 
the group fed by flaxseed (p<0.05) (Figure 5).

Figure 1: Mean serum trigliceride and cholesterol levels and weight of the rats 
in each group.
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Discussion
Peripheral artery disease (PAD) is an atherosclerotic disorder 

with an incidence of 3-10% [12] which leads to significant morbidity 
and mortality, particularly at advanced age [13]. It may also become 
symptomatic (intermittent claudication: leg pain that aggravates 
upon walking or running and disappears or regresses upon resting), 
and even lead to extremity amputation [14]. Hypertension, smoking, 
diabetes and dyslipidemia have a significant role in the onset and 
progression of atherosclerosis development [15]. High cholesterol, 
LDL and triglyceride levels still remain to be independent risk factors 
for progression of atherosclerosis to PAD even in the absence of other 
established factors [16] owing to the importance of the lipids in free 

radical-mediated peroxidation. In the presence of free radicals, the 
oxidized LDL is a chemo-attractant for the circulating monocytes 
and converts macrophages into foam cells by rapidly incorporating 
into cell in an uncontrolled manner via scavenger receptors present 
in the macrophages derived from the monocytes [17]. Accumulation 
of foam cells under the vascular endothelium is the first step of 
atherosclerosis. Also, oxidized LDL induces production of several 
cytokines by stimulating the endothelial cells and the macrophages 
[18]. Proliferation of the smooth muscle cells that enhance the 
thickening of the arterial wall also takes place through the induction 
by cytokines and oxidized LDL [19]. Of the 20,500 patients enrolled 
in the Heart Protection Study, 6,748 had peripheral artery disease and 
a marked reduction was achieved in cardiovascular events by use of 
simvastatin. In another study, a 1-mmol/L reduction (38.6 mg/dL) in 
serum cholesterol level provided a 20% reduction in cardiovascular 
events [20].

SDG lignan isolated from flaxseed decreases the levels of the 
7-alpha-hydroxylase and acyl-CoA-cholesterol transferase enzymes, 
which are involved in the cholesterol metabolism, leading to decreased 
serum cholesterol levels [21,22]. In addition, the SDG lignan also 
reduces the amount of cholesterol and cholesterol esters stored in 
the liver [23]. Additionally, the rate of fatty acid is between 30 and 
40% in flaxseed, and this fatty acid is ALA (alpha-linolenic acid), the 
precursor of Omega-3. The body converts ALA into two essential fatty 
acids, eicosapentaenoic acid (EPA) and docosa-hexaenoic acid (DHA). 
EPA and DHA increase HDL cholesterol, decrease LDL cholesterol, 
and lower plasma triglyceride level as well as the risk of arrhythmia 
[24]. Therefore, the ALA present in flaxseed reduces cholesterol levels, 
the most significant risk factor in atherosclerosis, and prevents the 
development of ischemia-reperfusion injury [11]. 

Figure 2: Mean blood flow during ischemia measured with Doppler in each 
group.

Figure 3: Mean blood flow during reperfusion measured with Doppler in each 
group.

Figure 4: TAS and TOS levels of the study groups.

Figure 5: Immunohistochemical findings of the groups.
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the advanced stages of I ischemia/reperfusion [31,32]. The muscle tissue 
is more resistant to ischemia compared to the other tissues (cardiac and 
cerebral tissue). Morphologic changes were observed to start following 
a 2-hour ischemia period [33]. Blaisdell demonstrated that irreversible 
injury began following a 3-hour long lower extremity ischemia and 
was completed in approximately 6 hours [34]. In our study, we chose 
ischemia duration of 2 hours to be able to better show the effects 
of irreversible injury. The grade of ischemia/reperfusion injury to 
the muscle tissue was confirmed to be consistent with the duration 
of reperfusion. In their study where they used ischemia duration 
of 4 hours and perfusion duration of 24 hours, Edna et al. detected 
extensive neutrophil infiltration, edema and necrotic fibrils [35]. They 
also observed dilated SR and mitochondrial irregularity in the 4 hour 
ischemia/1 hour reperfusion group. In our study, we administered 
2 hours of reperfusion following ischemia in all groups, and the 
investigation of the muscle tissues among the hypercholesterolemic rats 
revealed that the group which did not receive flaxseed had extensive 
neutrophil infiltration and edema while there was minimal neutrophil 
infiltration and edema in the group fed by flaxseed (p<0.05). All groups 
were observed to show histopathological changes, and this finding 
indicates the adequacy of the reperfusion time in our study.

Secoisolariciresinol diglucoside isolated from flaxseed (L. 
Usitatissimum) reduces the amount of cholesterol and cholesterol 
esters stored ischemia/reperfusion in the liver, thereby preventing the 
formation of atherosclerotic plaques and decreasing lower extremity 
injury.
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