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Abstract
Introduction: Ischemia and following reperfusion triggers local and systemic damage  with the involvement of free oxygen 

radicals and inflammatory mediators. Although blood flow saves extremity from necrosis,multi organ dysfunction may progress 
and cause death of the patient.

Aim: The study aims to examine the effect of astaxanthin (AST) on the prevention of remote tissue injury resulting from 
lower extremity ischaemia–reperfusion (I/R). To elucidate the potential hepatoprotective and renoprotective effects of AST, in 
addition to histopathological findings, the intrahepatic and intrarenal kinetics of endothelial nitric oxide synthase (eNOS) during 
I/R were determined by using the immunohistochemical method. 

Material and methods: Twenty-eight male Wistar albino rats were divided into four groups. For the control group, only the 
anaesthesia procedure (2 h) was conducted without I/R. In the I/R group, 2 h of reperfusion was conducted following ischaemia 
under anaesthesia. For the I/R group + AST, 7 days prior to ischaemia, 125 mg/kg AST was given with gavage, and 2 h of isch-
aemia and 2 h of reperfusion were conducted under anaesthesia. Following necropsy, liver and kidney tissue samples were fixed 
in 10% buffered formalin for 48 h for histopathological and immunohistochemical investigation. 

Results: The histological analysis revealed that severe I/R hepatorenal injury such as inflammatory cell infiltration, dilatation 
in sinusoids and lumen of tubuli, congestion in glomerular capillaries, degeneration in hepatocyte and epithelial cells of tubuli, 
and necrosis was ameliorated by AST. Immunohistochemical studies showed that the I/R-induced elevation in eNOS expression 
was reduced by AST treatment. 

Conclusions: In the case of acute lower extremity I/R, AST decreased the ischaemic injury in liver and renal tissues by pro-
tecting the microcirculation and providing a cytoprotective effect with vasodilatation.

Introduction
Ischaemia and the subsequent reperfusion decrease 

the effectiveness and success of such treatments as 
by-pass surgery and transplantations of microvascu-
lar tissues, organs, and extremities as well as in cases 
of shock, burns, sepsis, pancreatitis, cerebrovascular 
events, myocardial infarct, and orthopaedic and car-
diovascular surgical interventions [1–3]. Ischaemia 

is defined as the interruption of the maintenance of 
oxygen and other metabolites by circulation and the 
insufficiency of the removal of metabolic end products 
[4]. Reperfusion is the reversal of this interruption of 
blood circulation [5]. The main reasons for the damage 
occurring in ischaemia–reperfusion (I/R) are oxidative 
damage due to oxidative burst by the recovered circu-
lation and oxidative damage caused by polymorpho-
nuclear leucocytes during the inflammatory response 
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[6]. Following acute extremity I/R, massive local tissue 
damage and systemic complications arise. The death 
rate and the amputation rate due to this condition were 
reported as 25–50% and 15–40%, respectively [7]. 

The intensity of tissue damage caused by ischaemia 
is affected by various factors, such as width of clogged 
artery, clogging period, and characteristic properties 
of tissue [2, 8]. According to the period of ischaemia, 
symptomatic subclinical damage, oedema, degenera-
tion, necrosis, distant organ function loss, and multi-or-
gan failure symptoms may occur in I/R in the target and 
end organs, such as lung, kidney, liver, heart, brain, and 
intestines. These conditions may lead to mortality [3, 9, 
10]. One of the important consequences of I/R damage 
is end-organ damage, which results in high mortality 
and morbidity. Lung, liver, and kidney failures and dys-
functions of the central nervous system, gastrointesti-
nal system, and myocardia initially occur [2]. Therefore, 
damage occurring in ischaemic tissue after reperfusion 
has been investigated in various organs, such as lung, 
kidney, heart, brain, and intestines [3, 9, 10].

Nitric oxide (NO) is synthesised from amino acid 
L-arginine through nitric oxide synthase (NOS) [11] and 
has the following isoforms: neuronal nitric oxide syn-
thase (nNOS), inducible nitric oxide synthase (iNOS), 
and endothelial nitric oxide synthase (eNOS) [12]. NO, 
which is produced in the endothelial vessel, relaxes the 
vessel smooth muscle and plays a role in various im-
portant events, such as blood flow, regulation of blood 
pressure, prevention of thrombocyte adhesion and ag-
gregation, suppression of vessel smooth muscle prolif-
eration and migration, contraction of the heart muscle, 
and regulation of the gastrointestinal system [13–15].

Following the discovery of NO in mammalian cells 
as an endogenous molecule, its physiological roles in 
the cardiovascular, respiratory, urinary, gastrointestinal, 
and nervous systems have been examined [16]. The ex-
pression of eNOS increases because of the shear stress 
caused by increased arterial blood flow. Accordingly, 
NO is released to provide vascular relaxation. When 
NO cannot be released in a certain amount, endotheli-
al dysfunction occurs, which leads to hypertension and 
other cardiovascular diseases [11, 15]. The level of NO 
changes in many diseases, such as chronic viral hepati-
tis, autoimmune liver disease, hepatocarcinoma, kidney 
malfunction, hypertension, diabetes, atherosclerosis, pul-
monary hypertension, venereal tumours, pregnancy, and 
septic shock [11, 13, 14]. The main goal of reperfusion 
is to protect tissues or organs and repair them to regain 
their functions [2, 17]. Treatments fail and costs increase 
when the prevention of ischaemia and the subsequent 
reperfusion damage is not possible in clinical procedures; 
this situation may end up with the loss of the patient. 

Therefore, intensive scientific research efforts must be 
conducted on the prevention of I/R damage. 

In histopathological examination of I/R polymor-
phonuclear cell infiltration, hepatocellular necrosis, 
and sinusoidal enlargement, sinusoidal congestion, 
cytoplasmic vacuolisation and haemorrhage were 
seen [18–21]. Liver I/R damage is caused by different 
mechanisms effecting liver damage at different levels. 
Kupffer cell activation, formation of reactive oxygen 
species (ROS), release of cytokines and chemokines, 
vasoconstriction, deterioration of the balance between 
NO and endothelin balance, accumulation of neutrophil 
leucocytes, alteration of mitochondrial permeability, 
and pH paradox are among the listed cellular and mo-
lecular interactions. These complex mechanisms cause 
cell death, organ function loss, and organ loss. When 
liver I/R damage is investigated under a light micro-
scope, neutrophil leucocyte (NL) infiltration, regional 
haemorrhage and necrosis, congestion, enlargement 
in sinusoids, focal hepatocellular vacuolisation, and 
hepatocyte swelling are observed. At the ultrastructur-
al level, deterioration in the mitochondrial structure, 
swelling, alterations in staining, and accumulation of 
NL are observed [22–24]. 

The kidney is an organ with high perfusion and is 
therefore sensitive to hypoperfusion. Accordingly, I/R 
damage is commonly encountered in the kidneys and 
leads to serious consequences. The reason for acute 
kidney failure in aortic surgery is mostly I/R damage, 
which increases morbidity and mortality in the post-
operative period [1, 2]. I/R damage primarily begins 
from the hypoxia-sensitive region of the kidney. Much 
of the renal flow entering into the kidney passes from 
the renal cortex and to the lower vasa recta, which per-
fuses the renal medulla and makes it more prone to 
hypoxia [3, 25]. In addition, medullar hypoxia reduces 
the cellular energy stores and deteriorates the actin 
cytoskeleton found in endothelial and smooth muscle 
cells. It causes cellular deformation and increases hy-
poxia in adjacent tissues [26]. Renal damage initially 
occurs in the tubules because of tubular necrosis due 
to ischaemia [27]. Acute kidney failure due to ischaemia 
is characterised by decreased glomerular filtration rate, 
blurred swelling in the tubuli epithelium, acute tubu-
lar necrosis, inflammatory cellular infiltration, oedema, 
congestion, and increased resistance in the kidney 
vessels [28]. The interruption of kidney blood flow or 
its attenuation and the subsequent reperfusion cause 
a certain degree of tissue damage [29]. 

Currently, many treatment procedures for prevent-
ing and ameliorating I/R damage are being developed. 
However, I/R may still cause mortality [30]. Scientists 
have recently used antioxidants other than substances 
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such as immunosuppressives and corticoids. Antioxi-
dants, which have gained popularity recently, scavenge 
the free radicals caused by I/R and decrease I/R damage 
[31, 32]. 

Astaxanthin (AST) is a carotenoid obtained from 
microalgae, and it has beneficial effects on human 
health because of its powerful antioxidant prop-
erty. Currently, the most potent microbial source in 
AST production is Haematococcus microalgae. AST 
is widely used in the maintenance of colours of pet 
tropical fish, the colouring of poultry eggs, and food 
supplements because of its beneficial effect on the 
metabolism [33, 34].

Aim
In this study, we aimed to investigate the damage 

of lower extremity ischemia/reperfusion on remote or-
gans, liver and kidney, and the preventative effect of 
AST, a potent antioxidant, by histopathological and im-
munohistochemical methods.

Material and methods 
Twenty-eight male Wistar albino rats, weighing 

250–300 g (7–8 weeks of age) were used in the exper-
iments. The animals were kept at a constant tempera-
ture of 20–22ºC and a 12-hour light-dark cycle (lights 
on 7:00–19:00; darkness 19:00–7:00). All animals were 
kept in stainless cages and fed with a standard pellet 
diet. Food and water were given ad libitum. Following 
an adaptation period of 1 week, the trials were start-
ed. The animals received humane care according to the 
criteria outlined in the ‘Guide for the Care and Use of 
Laboratory Animals’ prepared by the National Academy 
of Science and published by the National Institutes of 
Health. The ethics regulations were followed in accor-
dance with the National and Institutional Guidelines for 
the Protection of Animal Welfare During Experiments. 
All animal experiments were performed in Bingöl Uni-
versity Animal Experiment Facility. The practices on ani-
mals throughout this study were approved by the Ethics 
Committee of the Bingöl University (Protocol number: 
2015/08).  

The rats were divided into four groups of eight rats.
Group I (n = 7) – control group: only anaesthesia 

procedure (2 h) was conducted in this group without 
ischaemia-reperfusion.

Group II (n = 7): ischaemia/reperfusion (I/R): 2 h of 
reperfusion was conducted following ischaemia (2 h) 
under anaesthesia.

Group III (n = 7): ischaemia/reperfusion (I/R) + AST 
(125 mg/kg) group: 7 days prior to ischaemia 125 mg/kg  
AST were given with gavage. Two hours of ischaemia 

and 2 h of reperfusion were conducted under anaes-
thesia.

Group IV (n = 7): AST 125 mg/kg group: 125 mg/kg 
AST was given with gavage for 7 days. Then anaesthesia 
was given for 2 h without ischaemia.

The procedures mentioned were conducted under 
anaesthesia with 50 mg/kg ketamine hydrochloride + 
10 mg/kg xylazine hydrochloride.

Histopathological and 
immunohistochemical investigations
Necropsy of rats was performed at the end of the 

study, and tissue samples were fixed in 10% buffered 
formalin solution for 48 h for histopathological and 
immunohistochemical investigation. Under routine fol-
low-up, tissue samples were passed through alcohol 
series and dehydrated. They were passed through xylol 
series and blocked in paraffin. From those blocks some 
of the cross sections cut in 4 μm thickness with a mi-
crotome (Leica RM 2135) were stained with Haematox-
ilen-Eosin (H.E.) dye. Histopathologically the presence of 
inflammatory cell infiltration, haemorrhage, dilatation 
in sinusoids and lumen of tubuli, congestion in glomer-
ular capillaries, degeneration in hepatocyte and tubular 
epithelial cells, and necrosis was investigated in liver 
and kidney. In addition, narrowing in Bowman capsule 
and findings such as adhesion were semi-quantitatively 
assessed in kidney. 

For immunohistochemical assessment cross sec-
tions obtained in 4 μm thickness were placed in po-
ly-L-lysine slides. In order to show eNOS immune re-
activity anti-eNOS primary antibody (Abcam, ab3523 
1/200 diluation, UK) was used and stained with avi-
din-biotin peroxidase complex (ABC) immunohisto-
chemical method. The obtained cross sections were 
kept in a heater for 1 h at 60°C and made pellucid in 
two different xylol solutions. Then they were dehydrat-
ed in a decreasing alcohol series and finally kept in dis-
tilled water for 5 min. Cross sections were kept in citrate 
buffer solution in an ambient temperature for 20 min.  
In order to avoid endogenous peroxidase sections 
were kept in 3% hydrogen peroxide solution for 5 min.  
They were washed for 5 min three times with PBS and 
kept overnight at 4°C after dropping eNOS primary an-
tibody. The following day, sections were washed three 
times with PBS then incubated with biotinylated sec-
ondary antibody for 30 min. After dropping the second-
ary antibody (Thermo Fisher Scientific, USA), staining 
substance diaminobenzidine (DAB chromogen (Thermo 
Fisher Scientific, USA)) was applied on antibody-bio-
tin-avidin-peroxidase complex to make them visible. 
Background staining was performed with Mayer’s hae-
matoxylin. Following dehydration in graded alcohols, 
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sections were made pellucid and then covered with En-
tellan. The intensity of immunohistochemical staining 
was evaluated by pathologists. eNOS staining intensity 
was scored as (–) in no staining, (+) in low staining, 
(++) in moderate staining, and (+++) in intense staining. 
All samples were investigated and photographed under 
a Nikon 80i-DS-RI2 research microscope.

Results
No significant damage in the liver and kidney mac-

roscopy was observed in the experimental groups.
A normal histological appearance in the liver was 

observed in the control group and the AST-only group 
during the microscopic investigation. Hepatocytes and 
portal areas were normal in appearance; the hepato-
cytes were found in the regular remark cord around the 
vena centralis in these two groups. Sinusoids within 
the remark cord were normal in diameter and struc-
ture. No inflammatory cell infiltration was observed 

pathologically (Figures 1 A and B). In the I/R group, dis-
ruption of the integrity of remark cord in the lobules 
and a focal parenchymatic and hydropic degeneration 
distributed randomly in the liver parenchyma. In addi-
tion, hepatocytes with pycnotic nucleus, which have 
eosinophilic-stained cytoplasm, karyorrhexis and kary-
olysis developed into coagulation necrosis in some of 
the lobules. Vasa-congestion and sinusoidal dilatation 
in the focal form were also observed. Mononuclear cell 
infiltration was seen in the areas of periportal and peri-
acinary (Figure 1 C). In the I/R + AST group, only a few 
low-intensity congestions were observed in the vena 
centralis and portal veins. Generally, the hepatic cord 
structure in the lobules was intact and similar to that in 
the control group. In addition, a low level of dilatation 
in the sinusoids and an insignificant level of sinusoidal 
hyperaemia compared with that in the I/R group were 
observed in some of the lobules. Degeneration in the 
hepatocytes were seen rarely, but necrosis and mon-

Figure 1. Photomicrographs of H&E-stained histological slides of the liver. A, B – Normal histological ap-
pearance of liver in the control group and AST group. C – Appearance of parenchymatic and hydropic de-
generation (arrow) and necrosis (head arrow) of severely affected liver in the I/R group. D – Appearance of 
degeneration and necrosis of slightly effected liver in the I/R + AST group

A
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onuclear cell infiltration were not found (Figure 1 D). 
The results of the histopathological findings of the liver 
tissue are given in Table I. 

No histopathological finding was observed when 
the kidneys of the control group and the AST-only 
group were compared histopathologically under a mi-
croscope. The tubular epithelial cells and glomerular 
structures were regular in appearance without any 
degeneration and necrosis (Figures 2 A and B). Kidney 
tissues of the I/R group showed a significant swelling 
of the cytoplasm of the tubular epithelial cells, paling 
of colour due to hydropic degeneration, nuclei of some 
epithelial cells undergo necrosis and become picnotic 
and dilatation of tubular lumens were observed. En-
largement of the Bowman capsules of some glomeruli 

and a sclerotic structure caused by the narrowing of 
the Bowman capsules were apparent. Adhesion of the 
ba-sal membranes of some glomeruli, which caused the 
narrowing in the Bowman capsules, was observed. In 
addition, prominent hyperaemia in the glomerular cap-
illaries and intertubular capillaries was observed. Focal 
inflammatory cells were found in the intertubular region 
(Figure 2 C). In the I/R + AST group, minimal hydropic 
degeneration in the tubular epithelial cells and necro-
sis were observed. In some of the glomeruli and inter-
tubular capillaries, minimal level of hyperaemia was 
seen (Figure 2 D). Generally, the tubular and glomerular 
structures were close to normal histology. The results of 
the histopathological findings of the kidney tissue are 
given in Table II.

Table I. Protective effect of astaxanthin on liver microscopic structure in experimental ischaemia reperfusion  
in rats

Parameter (liver) Control I/R I/R + AST AST

Periportal and periacinary inflammatory cell infiltration: –/7 7/7 3/7 –/7

Low – 1 2 –

Moderate – 3 1 –

Intense – 3 – –

Distruption in hepatic cordon structure: –/7 7/7 3/7 –/7

Low – – 1 –

Moderate – 1 2 –

Intense – 6 – –

Dilatation and hyperaemia in sinusoids: –/7 7/7 3/7 1/7

Low – – 2 1

Moderate – – 1 –

Intense – 7 – –

Parenchymal and hydropic degeneration: –/7 7/7 3/7 –/7

Low – – 1 –

Moderate – 3 2 –

Intense – 4 – –

Necrosis: –/7 7/7 2/7 –/7

Low 1 1 –

Moderate – 4 1 –

Intense – 2 – –

Congestion in vena centralis and portal veins: –/7 7/7 3/7 –/7

Low – 1 2 –

Moderate – 3 1 –

Intense – 3 – –
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In the immunohistochemical investigation of the 
eNOS activity in liver, no staining was seen in the control 
group (Figure 3 A) and the AST-only group (Figure 3 B).  
However, in the I/R group, a strong eNOS activity at the 
+++ level was observed in the sinusoidal capillaries (Fig-
ure 3 C), whereas a low eNOS reactivity at the + level 
was seen in the I/R + AST group (Figure 3 D).

In the investigation of the kidney eNOS reactivity us-
ing immunohistochemical methods, no staining was ob-
served in the control group (Figure 4 A) and the AST-on-
ly group (Figure 4 B). In the I/R group (Figures 4 C),  
a potent eNOS activity at the +++ level was seen in both 
glomerular capillaries and intertubular capillaries. How-
ever, in the I/R + AST group, minimal eNOS activity at 
the + level was observed (Figure 4 D). The results of the 
immunohistochemical investigation and scores in terms 
of eNOS activity in liver and kidney tissue are given in 
Table III and Figure 5.

Discussion 
If blood supply to the tissue is insufficient or stops, 

tissue perfusion is hampered and oxygen supply is di-
minished. Prolonging this condition causes a disorder 
in the functioning of the cells in this tissue and leads to 
the loss of cell integrity and even cell death [35].

This study aimed to investigate the effect of a po-
tent antioxidant called AST on liver and kidney tissues 
in lower extremity I/R using histopathological and im-
munohistochemical methods. Because free radicals 
form quickly, just 15–20 s after reperfusion, any radical 
scavenger used for the prevention of reperfusion dam-
age must be given at least 15 min prior to reperfusion. 
Thus, AST was administered for 7 days before I/R and 
given daily in a dose of 125 mg/kg.

Many studies have used different agents to avoid 
reperfusion damage in liver. Lin et al. [36] revealed that 

Figure 2. Photomicrographs of H&E-stained histological slides of the kidney. A, B – Normal histological 
appearance of kidney in the control group and AST group. C – Appearance of adhesion of the basal mem-
branes, degeneration and necrosis of tubuli (arrow), hyperaemia and congestion of severely affected kidney 
in the I/R group. D – Appearance of minimal degeneration and necrosis of slightly effected kidney in the 
I/R + AST group
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curcumin administration exerted a moderate positive 
effect on hepatic damage. Ahmetova [37] observed 
hepatocytes with lost integrity, dilatation in the sinu-
soids, mononuclear cell infiltration, hydropic degener-
ation in the hepatocytes, and focal necrosis in some 
areas. Conversely, in the levosimendan group, regular 
integrity of the hepatocyte cords, less dilatation in the 
sinusoids, less mononuclear cell infiltration, and less hy-
dropic degeneration and focal necrosis were observed 

in the hepatocytes. The damage score of the IR was 
significantly better in the levosimendan group. Şener 
et al. [38] administered melatonin in I/R and observed 
a protective effect on the liver parenchyma and hepat-
ocytes, and no congestion was found in the sinusoidal 
structures. Abd-Elbaset [39] showed that thymoquinone 
alleviated damage due to I/R, such as inflammation in 
portal areas of the liver and focal spotty necrosis. Terzi 
et al. [40] found the protective effect of Urtica dioica by 

Table II. Protective effect of astaxanthin on kidney microscopic structure in experimental ischaemia reperfusion 
in rats

Parameter (kidney) Control I/R I/R + AST AST

Glomerular sclerosis and adhesion: –/7 7/7 3/7 –/7

Low – 1 2 –

Moderate – 3 1 –

Intense – 3 – –

Dilatation of Bowman capsule: –/7 7/7 3/7 –/7

Low – – 1 –

Moderate – 1 2 –

Intense – 6 – –

Dilatation of tubules: –/7 7/7 3/7 1/7

Low – – 2 1

Moderate – – 1 –

Intense – 7 – –

Parenchymal and hydropic degeneration: –/7 7/7 3/7 –/7

Low – – 1 –

Moderate – 3 2 –

Intense – 4 – –

Necrosis of tubular epithelium: –/7 7/7 2/7 –/7

Low 1 1 –

Moderate – 4 1 –

Intense – 2 – –

Hyperaemia in glomerular and intertubular capillaries: –/7 7/7 3/7 –/7

Low – 1 2 –

Moderate – 3 1 –

Intense – 3 – –

Intercellular inflammatory cell infiltration: –/7 7/7 3/7 –/7

Low – 1 2 –

Moderate – 3 1 –

Intense – 3 – –
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increasing the liver antioxidant capacity in an I/R study 
performed in rats. In this  investigation on the liver his-
topathology of rats, in the I/R group parenchymal de-
generation and hydropic degeneration, dilatation in the 
sinusoids and hyperaemia, coagulation necrosis with 
pycnotic nuclei in the hepatocytes, mononuclear cell in-
filtration in the periacinary and mid-zonal regions and 
in the portal area, structural deterioration in the hepatic 
cordons, and vascular congestion were revealed. In the 
I/R + AST group, congestion was minimal in the vena 
centralis and portal veins, and a low extent of dilatation 
in the sinusoids and insignificant sinusoidal hyperae-
mia were found. Generally, the hepatic cord structure 
in the lobules was not damaged, and it resembled that 
in the control group. No degeneration or necrosis in the 
hepatocytes and no mononuclear cell infiltration were 
observed. These findings are consistent with those of 
the above mentioned research in which different antiox-
idants were administered to avoid or lessen the damage 
caused by I/R.

Figure 3. Photomicrographs of immunohistochemical investigation of the eNOS activity in liver. A, B – Neg-
ative eNOS activity of liver in the control group and AST group. C – Strong eNOS activity in the I/R group. 
D – Low eNOS activity in the I/R + AST group
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To inactivate the free oxygen radicals forming in the 
kidney I/R models, agents such as iloprost [41], sodium 
hydrosulphide [42], red propolis [43], menhaden oil [17], 
and grape seed [44] were used. Additionally, Ozkan et al.  
[44] investigated the protective effect of grape seed 
proanthocyanidin in I/R damage. The study observed 
tubular vacuolisation, dilatation, congestion, and in-
creased mononuclear cells in the kidney vascular struc-
tures, and administered proanthocyanidin to decrease 
them. Moreover, the decrease in I/R damage by this 
agent was due to its effect on lipid peroxidation and 
inflammatory cytokines, such as TNF-α. Nigella sativa 
extract was also tested in the I/R setup by Yildiz et al. 
[45]. Its antioxidant property protected the kidneys by 
preventing dilatation of tubuli, brush border loss, and 
detachment of cells from the basal membrane. Magh-
soudi et al. [46] tested Zingiber officinale extract in I/R 
and observed minimal dilatation in the tubules, degen-
eration in the tubular epithelial cells, and necrosis, com-
pared with the groups without extract administration.
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Figure 4. Photomicrographs of immunohistochemical investigation of the eNOS activity in kidney. A, B – 
Negative eNOS activity of kidney in the control group and AST group. C – Strong eNOS activity in the I/R 
group. D – Low eNOS activity in the I/R + AST group
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Figure 5. Mean values of groups for eNOS scores

Table III. Protective effect of astaxanthin on liver and kidney tissue in experimental ischaemia reperfusion in rats 
as shown in eNOS activity

Parameters (liver and kidney) Control I/R I/R + AST AST

Sinusoidal eNOS reactivity – +++ ++ –

eNOS reactivity in glomerular and intertubular capillaries – +++ + –

In this study, the histopathological assessment of 
the I/R group revealed hydropic degeneration in the kid-
ney tubuli epithelial cells, necrosis with pycnotic nuclei 
in some tubuli epithelial cells, dilatation in the tubules, 
dilatation and sclerosis in the glomeruli of Bowman 
capsules, adhesion in the glomeruli and Bowman cap-
sules, and significant hyperaemia in the glomerular cap-
illaries and intertubular region capillaries. Conversely, in 
the I/R + AST group, minimal hydropic degeneration in 
the tubular epithelial cells and minimal hyperaemia in 
the capillaries of some glomeruli and intertubular re-
gions were found. Generally, the tubules and glomeruli 
seemed to be under normal conditions. This attenua-
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tion of kidney damage, which was also observed in liver 
tissue, was due to the potent antioxidant property of 
AST, which protected both tissues [47].

The decreased NO production in liver after I/R nar-
rows the sinusoidal lumen, hampers the leucocyte 
movement, and causes leucocytosis by increasing the 
contact between leucocytes and endothelial cells. Fol-
lowing reperfusion, tissue remains ischaemic because 
of this condition occurring during hypoxia. Kupffer cells 
and neutrophils were activated by the produced inflam-
matory cytokines and the formation of free radicals due 
to the continued aggravation of hepatic damage of ox-
ygen [23, 25]. Several studies were conducted to show 
the eNOS activity following liver and kidney damage, 
because its decrease and imbalance with endothelin 
synthesis increase vascular resistance. Using tadala-
fil and pentoxifylline against liver I/R damage, Bektas  
et al. [48] observed the prevention of oxidative stress, 
lipid peroxidation, and hepatocyte damage and thus 
reported a minimisation of endothelial damage. Potent 
eNOS activity was observed in the I/R group. A moder-
ate level of this activity was observed in the low-dose 
tadalafil group, whereas a weak eNOS activity was 
observed in the high-dose tadalafil and pentoxifylline 
group. Liver damage due to intestinal I/R was found to 
be prevented by sildenafil through its effect of avoiding 
oxidative stress [49]. In addition, a reversal of hepatic 
circulation deterioration was shown by eNOS immuno-
histochemically. Similarly, the contribution of eNOS was 
immunofluorescently shown in a study in which thy-
moquinone was used to prevent liver I/R damage [39]. 

In the pathophysiology of acute kidney diseases, 
such as acute kidney failure and I/R, endothelial and 
smooth muscle cells of the microcirculation play an im-
portant role [26, 50].

In a study that tested the effectiveness of red prop-
olis in preventing kidney tubuli epithelium in I/R, eNOS 
levels were found to be significantly higher in the I/R 
group than in the control group, and red propolis ame-
liorated this increase significantly [43]. Similarly, querce-
tin [51] and sevoflurane [52] were found to be effective 
in avoiding oxidative stress in an I/R model.

The liver intrahepatic microvascular unit is com-
posed of several discrete units, including portal and cen-
tral veins, hepatic arterioles, sinusoids, and lymphatics. 
The cellular elements in these structures include endo-
thelial cells and smooth muscle cells, and in the sinusoid, 
pericyte-like hepatic stellate cells [53]. Chronic exposure 
to physical and chemical stimuli can trigger endothelial 
dysfunction. Endothelial dysfunction can be defined as 
an impairment of normal endothelial functions, which 
is caused by the loss of balance between vasoconstric-
tors and vasodilators, growth promoting and inhibit-

ing factors, pro-atherogenic and anti-atherogenic, and 
pro-coagulant and anti-coagulant factors. Endothelial 
dysfunction is also regarded as an early key event in 
multiple diseases [54], and it has also been considered 
as a pivotal event in the development of microvascular 
complications in chronic liver diseases, including liver 
cirrhosis, hypertension, diabetes, and atherosclerosis 
[53, 55]. Chronic liver disease is associated with re-
markable alterations in the intra- and extrahepatic vas-
culature [53]. In liver cirrhosis, on one hand, endothelial 
dysfunction, known to impair endothelium-dependent 
relaxation in the liver microcirculation, contributes to 
increased hepatic vascular resistance [56]. On the other 
hand, in arteries of the splanchnic circulation increased 
production of vasodilator molecules mainly endothe-
lial nitric oxide synthase (eNOS)-driven nitric oxide 
(NO) plays a prime role in maintaining normal hepat-
ic vascular function, which precedes the development 
of the hyperdynamic circulatory syndrome observed in 
cirrhosis with portal hypertension [57–59]. The present 
study aimed to show an increased eNOS enzyme activity 
caused by liver and kidney endothelial damage following 
I/R. In addition, it determined the sinusoidal capillaries 
in the liver and the glomerular and intertubular capil-
laries in the kidney through immunohistochemistry. Im-
munohistochemical activity was observed in the control 
group, and augmented staining, which is an indicator 
of increased immune reactivity, was observed in the I/R 
group. Minimal staining occurred in the group in which 
AST was administered prior to I/R. Attenuation of the 
liver and kidney damage occurred after reperfusion in 
the AST group, consistent with previous studies. 

Conclusions
As a result, AST was shown to have protective ef-

fects in this experimental setup, in which tissue dam-
age in liver and kidney due to I/R was investigated by 
histopathological and immunohistochemical methods. 
I/R-induced elevation in eNOS expression was reduced 
such that, in the case of acute lower extremity I/R, AST 
decreased the ischaemic injury in liver and renal tissues 
by protecting the microcirculation and providing a cyto-
protective effect with vasodilatation. It was considered 
that this crucial protective role of AST might alleviate 
pathological changes.
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