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ABSTRACT
Apelin-13 and APJ are implicated in different key physiological processes. This work aims at exploring the radio-
protective effect of fucoxanthin (FX) on γ -radiation (RAD)-induced changes in the apelin-13/APJ pathway, which
causes damage in the liver, kidney, lung and spleen of mice. Mice were administered FX (10 mg kg–1 day–1, i.p) and
exposed to γ -radiation (2.5 Gy week–1) for four consecutive weeks. The treatment of irradiated mice by FX resulted
in a significant amendment in protein expression of the apelin-13/APJ/NF-κB signalling pathway concurrently with
reduced hypoxia (hypoxia-inducible factor-1α), suppressed oxidative stress marker (malondialdehyde), enhanced
antioxidant defence mechanisms (reduced glutathione and glutathione peroxidase), a modulated inflammatory
response [interleukin-6 (IL-6), monocyte chemoattractant protein-1, IL-10 and α-7-nicotinic acetylcholine recep-
tor) and ameliorated angiogenic regulators [matrix metalloproteinase (MMP-2), MMP-9 and tissue inhibitor of
metalloproteinase-1), as well as the tissue damage indicator (lactate dehydrogenase) in organ tissues. In addition, there
were significant improvement in serum inflammatory markers tumour necrosis factor-α, IL-10, IL-1β and C-reactive
protein compared with irradiated mice. The histopathological investigation of the FX + RAD organ tissues support
the biochemical findings where the improvements in the tissues’ architecture were obvious when compared with those
of RAD. FX was thus shown to have a noticeable radioprotective action mediated through its regulatory effect on
the apelin-13/APJ/NF-κB signalling pathway attributed to its antioxidant and anti-inflammatory activity that was
reflected in different physiological processes. It could be recommended to use FX in cases of radiation exposure to
protect normal tissues.
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INTRODUCTION
Exposure to ionizing radiation (IR) has occurred during radiology
(diagnostic or interventional), radiotherapy and occupational expo-
sure in the radiation field. High radiation doses cause death whereas
sublethal doses may induce diverse diseases, such as cancer, cardiovas-
cular diseases and cataracts [1]. The detrimental effects of IR exposure
involve the induction of tissue damage mediated through the activation
of pro- and antiproliferative endogenous signalling pathways, inflam-
mation and oxidative stress in a synchronized sequence of actions that
alter the homeostatic equilibrium between survival and cell death [2].
The mechanism of IR that produces these effects depends mainly on
the generation of different free radicals and molecular species within
cells, such as superoxide (O2·–), nitric oxide (NO), the hydroxyl rad-
ical (OH·), hydrogen peroxide (H2O2) and peroxynitrite (ONOO–),
that are produced via direct interactions or subsequent metabolites of

IR and cause damage to cellular DNA content, proteins and lipids.
In addition, Reisz et al. [3] and Yahyapour et al. [1] stated that, in
different organs, IR can robustly affect the immune system, by alter-
ing the number and function of immune cells, leading to changes in
the normal immune responses. Thus, continuous free radical produc-
tion and chronic inflammation that occur after radiation exposure can
disrupt organ function and subsequently cause several diseases. As
exposure to IR is inevitably accompanied by production of high levels
of reactive oxygen species (ROS), so the management of this action
could provide a method to avoid the deleterious effects on normal
tissues upon radiation exposure. Therefore, radiation countermeasure
agents should be used to reduce the hazardous effects of IR. Radiation
countermeasure agents are classified according to their time of adminis-
tration into: (i) radioprotectors used before IR exposure to protect cells
and tissues from being damaged; (ii) radiomitigators applied soon after
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the exposure to IR to repair tissues before the appearance of symptoms;
and (iii) therapeutic agents administered after IR exposure to enhance
healing of injuries via regeneration of tissues. Radioprotectors are var-
ious agents that act via different mechanisms involving: scavenging of
free radicals and ROS; improvement of the DNA repair process; syn-
chronizing of cells; enhancing antioxidant and redox-sensitive genes;
modulating cytokines and growth factors; inhibiting apoptosis; repur-
posing of drugs; and tissue regeneration. Scavenging of free radicals is
the most common mechanism of radioprotection, whereas the alter-
ation of growth factors, cytokines and redox genes appears to be an
effective strategy [4].

Apelin and its endogenous ligand APJ (apelin receptor; a member
of the G-protein-coupled receptors, similar to angiotensin II receptor-
like-1) can exert significant biological effects in different tissues and
organs. They can strengthen cardiac contractility, regulate immune
defence, gastrointestinal function and insulin sensitivity, and promote
cell proliferation, migration and angiogenesis. In addition, apelin pro-
duces important effects on the physiology and pathophysiology of liver
and kidney function, and plays a crucial role in body fluid homeostasis
[5, 6]. A lot of evidence pointed to a strong relationship between oxida-
tive stress and apelin/APJ interaction. Apelin can inhibit the formation
and release of ROS [7]. In contrast, Li et al. [8] reported that apelin-13
enhances the generation of ROS linked to the existence of oxidative
stress that directly leads to vascular damage and a series of inflamma-
tory reactions. Thus, the function of the apelin/APJ signalling path-
way is a double-edged sword in insults involving oxidative stress and
inflammatory-related diseases, as reported by Zhou et al. [7]. There-
fore, there are still certain controversies and doubts about the exact
effect of the apelin/APJ signalling pathway in different conditions.
Drugs that target the apelin/APJ pathway might be recommended as a
novel therapy for the related oxidative stress and inflammatory diseases.

A great deal of evidence revealed a positive relationship between
oxidative stress and inflammation, and each leads to the other in a
feedforward mechanism. The overproduction of ROS induces an
oxidative modification of biomolecules leading to the enhancement
of signalling cascades and activation of transcription factors which
are linked to the genes of pro-inflammatory mediators and initiate
the inflammatory reactions. Inflammation causes immune cells to
secrete various cytokines, which evoke additional immune cells near
oxidative stress and generate ROS at the inflammatory site, causing
augmented oxidative stress and tissue damage [9]. The study of
Ren et al. [10] mentioned that splenic α-7-nicotinic acetylcholine
receptor (α-7nAchR) is a primary receptor of the cholinergic
anti-inflammatory pathway (CAP) that displays widespread anti-
inflammatory reactions and the immune-modulatory response to
maintain immune homeostasis. Moreover, Viedt et al. [11] stated that
monocyte chemoattractant protein-1 (MCP-1) functions as a pro-
inflammatory mediator inducing the production of pro-inflammatory
molecules other than just chemokine. It promotes pro-inflammatory
reactions in human tubular epithelial cells via up-regulation of the
pro-inflammatory interleukin-6 (IL-6) and the adhesion molecule,
intercellular adhesion molecule-1 (ICAM-1), through the classical
inflammatory pathways, involving sequence-specific DNA binding
of nuclear factor-κB (NF-κB) and activating protein-1. Under the
normal physiological environment, the regular actions of matrix
metalloproteinases (MMPs) are controlled at the level of transcription

(activation of the precursor zymogens) and interaction with specific
extracellular matrix (ECM) constituents. MMPs are zinc-containing
enzymes that destroy the ECM and proteins of connective tissue.
This proteolytic effect of MMPs takes part in vascular remodelling,
cellular migration and the processing of the ECM. Tissue inhibitor
of metalloproteinases (TIMP) elicits a complementary mechanism
with MMPs to avoid excessive degradation of the ECM. An imbalance
between them could induce exaggerated MMP activity that leads to
pathological changes in the structure of the vessel wall inter-related to
vascular disease [12]. In addition, Jain et al. [13] showed that lactate
dehydrogenase (LDH), an oxidoreductase enzyme, which is found in
all living cells and monitors membrane integrity, is released into the
cytoplasm upon cell lysis of damaged cells more than of normal cells.

Management of chronic inflammation or inflammation in general
is a critical point in the struggle to tame dangerous diseases associated
with these undesired disorders. Nowadays, an alternative approach in
radiation protection research is oriented towards using natural com-
pounds having many biologically positive influences to overcome sev-
eral health problems and biological alterations due to their wide safety
margin and many beneficial properties (such as antioxidant, immune
stimulation, anti-inflammatory and antitumour).

Fucoxanthin (FX), a xanthophyll derivative, is the leading
carotenoid formed in brown algae. FX exhibits a variety of pharma-
cological properties and biological functions including antioxidant,
antiviral, anticancer, antidiabetic, UV-preventative, neuroprotective
and repressing inflammation without side effects [14–16] because of
its unique functional groups, including an infrequent allenic bond and
a 5,6-monoepoxide within its molecular construction [15].

Yet, the potential role of the apelin/APJ pathway and how its
interference with other mediators might be involved in mediating
the deleterious impact of γ -radiation exposure is yet to be elucidated.
Therefore, the current study was designed to investigate (i) the effect of
γ -radiation on the apelin-13/APJ pathway and its relevance to certain
physiological processes in the liver, kidney, lung and spleen of irradiated
mice and (ii) whether the effect of FX on the alterations could happen
in the apelin-13/APJ pathway in tissues of these organs. To reach these
goals, this study monitored the protein expression of the apelin-13/APJ
pathway and determined oxidative stress status {hypoxia-inducible
factor-1α (HIF-1α), lipid peroxidation [measured as malondialdehyde
(MDA)], reduced glutathione (GSH) and glutathione peroxidase
(GSH-PX)}. The pro- and anti-inflammatory molecules [NF-κB,
α-7nAchR, MCP-1, IL-6, IL-10 and tumour necrosis factor-α (TNF-
α)] were determined in different mice groups. Histopathological
investigations of the matrix metalloproteinase balance (MMP-2,
MMP-9 and TIMP-1) were carried out on the tissue obtained from
these four organs.

MATERIALS AND METHODS
Materials

Fucoxanthin (FX) was obtained from Serene Dew supplements. For
western blot analysis, the antibodies against apelin-13 (cat no. CAS
217082-58-1) and β-actin (mouse monoclonal antibody cat no. sc-
47778) were obtained from Santa Cruz Biotechnology, and the other
antibodies against APJ (rabbit polyclonal antibody cat no. ab214369),
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NF-κBp65-Ser536 (cat no. ab76302) and α-7nAchR (rabbit poly-
clonal antibody, cat no. ab10096) were from Abcam. The other chem-
icals and reagents used in this study are from Sigma-Aldrich Chemical
Co. USA.

Radiation facility
Mice were exposed to whole-body γ -irradiation (RAD) using Cana-
dian γ -cell-40 (137 Cs). Irradiation procedures were performed at the
NCRRT (Cairo, Egypt) at a dose rate of 0.4 Gy min–1 of γ -rays. The
experimental animals were placed in a plastic sample tray with a lid
and supports provided for the sample cavity. The unit has ventilation
holes, which align with ventilation parts through the main shield to
provide a means for uniform irradiation for small animals at a dose
rate of 0.403 Gy min–1 at the time of the experiment according to
the guidelines of the Protection and Dosimetery Department using a
Fricke reference standard dosimeter [17], and confirmed by alanine
dosimeters (traceable to the National Institute of Standards and Tech-
nology, USA) that were placed along with the irradiated mice inside the
irradiation facility. IR weekly doses were given at fixed time intervals
each week (in the middle of the week; fourth day during the exper-
imental course to maintain optimum experimental conditions). The
irradiation procedures were performed at the NCRRT facility (Cairo,
Egypt).

Animals
The Swiss female albino mice adult mice (weighing 22-25 g) used in
this study were obtained from the Egyptian Organization for Biological
Products and Vaccines (Cairo) breeding unit. Mice were acclimatized
and maintained on water ad libitum and a standard commercial pellet
diet for 1 week. Experimental animals were used and handled according
to the recommendations of the National Institute of Health (NIH no.
85:23, revised 1996) for the care and use of laboratory animals and in
accordance with guidelines adopted by the NCRRT ethics committee
which approved all experimental procedures (ref no. 10A/20).

Experimental plan
Mice were divided into four equal groups (10 mice/group). (i) Control
group: normal mice received only physiological saline i.p. (ii) RAD
group: mice were exposed to γ -radiation (2.5 Gy week–1). (iii) FX
group: mice were injected i.p with FX at a dose of 10 mg kg–1 day–1

dissolved in physiological saline for 4 weeks according to Ma et al.
[8]; and (iv) FX + RAD group: mice were treated with FX and were
exposed to γ -radiation. FX was administrated (i.p.) for 3 days before γ -
ray exposure to stimulate and impose a pre-conditioning status in nor-
mal cells to overcome and sustain the subsequent detrimental effects
induced by irradiation in order to achieve radioprotection and adaptive
responses of the tissues exposed. The γ -radiation dose was chosen
according to the study of Zakaria [18] that aimed to determine the haz-
ardous effects of low successive doses during exposure to γ -irradiation
of many workers in the medical, industrial and petroleum fields who
may be exposed during a small radiation accident to low or moderate
γ -radiation doses (1.5, 2, 2.5, 3 and 3.5 Gy). These doses lead to acute
effects on health efficiency and performance of organisms. Thus, in
the current study we have chosen 2.5 Gy as a moderate dose to exam-
ine its action on the apelin-13/APJ pathway. Twenty-four hours after

the last dose of FX, mice were fasted overnight, and then euthanized
under light diethyl ether anaesthesia. Cardiac perforation drew blood
samples, which were centrifuged for separation of serum and biochem-
ical assessments. The target tissues (liver, kidney, lung and spleen)
were excised, then washed in ice-cold saline solution and prepared for
the biochemical and histopathological investigations. Upon radiation
exposure, these four vital organs were chosen to investigate the inter-
connection between them in terms of concerted regulation of oxidative
stress and inflammatory mediators affected by the dysregulation of the
apelin-13/APJ pathway.

Biochemical assays
MDA, the end-product of lipid peroxidation, was assayed according to
Yoshioka et al. [19], the GSH content was assayed according to Ellman
[20], protein concentration was detected according to the method
of Lowry et al. [21] using Folin–Ciocalteu reagent, and the activity
of GSH-PX was measured according to the method of Gross et al.
[22]. Activities of AST (aspartate aminotransferase) and ALT (alanine
aminotransferase) were assayed as described by Reitman and Frankel
[23]. Urea and creatinine were measured according to the techniques
of Fawcett and Soctt [24] and Bartles et al. [25], respectively. The
levels of HIF-1, MCP-1, LDH, the inflammatory mediators IL-10, IL-
6, IL-1β , TNF-α and C-reactive protein (CRP), MMP-2, MMP-9 and
TIMP-1 were assessed by ELISA kits (R&D Systems) according to the
manufacturer’s instructions.

Western blot analysis
For western immunoblotting, the tissue homogenates of liver, kidney,
lung and spleen were prepared as defined by Omar et al. [26] using a
homogenization lysis buffer (Sigma–Aldrich, St. Louis, MO, USA).
Then, the lysate of tissues was centrifuged at 8678 g for 20 min
4◦C. The supernatants were taken to measure protein concentration
by using the BCA-protein assay kit (Thermo Fisher Scientific). Gel
electrophoresis was used to separate aliquots containing 7.5 μg of
protein from each sample (SDS–PAGE gel; 8%) and after the run
was completed the bands were transferred onto a nitrocellulose acetate
membrane by using a semi-dry transfer device (Bio-Rad, Hercules,
CA, USA). Thereafter, membranes were incubated with 5% non-fat
milk blocking buffer containing Tris–HCl (10 mmol l–1 at pH 7.4),
NaCl (150 mmol l–1) and TBST (Tris-buffered saline with Tween-20
at 0.05%) overnight at 4◦C. After washing with TBST, the membranes
were incubated (overnight, at 4◦C with continuous shaking) with
1:1000 diluted antibodies of apelin, APJ, NF-κB and α-7nAchR. After
immunoblotting with the primary antibody, horseradish peroxidase-
(HRP) conjugated goat immunoglobulin (Amersham Biosciences)
was added. Chemiluminescence detection was performed by using the
Amersham detection kit according to the manufacturer’s protocols.
By using a scanning laser densitometer (Biomed Instruments), the
levels of protein were quantified on the autoradiogram. The data were
normalized to expression of β-actin, a housekeeping protein [27].

Histopathological examination
Tissue samples from liver, kidney, lung and spleen were fixed in 10%
formalin saline for 24 h. The samples were then washed with tap water
and subjected to dehydration using a sequential dilution of alcohol
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(ethyl, absolute and ethyl methyl). Subsequenttly, samples were cleared
in xylene and in hot air at 56◦C in an oven for 24 h and embedded in
paraffin. The paraffin beeswax of tissue blocks was set and sectioned
(at 4 mm thickness) using a slide microtome. Finally, on glass slides,
the tissue sections were collected and de-paraffinized then stained by
H&E stain (haematoxylin and eosin) for routine examination using
light microscopy according to the method of Banchroft et al. [28].

Statistical analysis
Statistical analysis by ANOVA (one-way analysis of variance) was car-
ried out, followed by Duncan’s multiple range test using SPSS version
17.0 for Windows. Differences between values were considered signif-
icant at P <0.05.

RESULTS
Impact of FX on oxidative and antioxidant status of

certain organs in γ -irradiated mice
The data illustrated in Fig. 1 showed that the levels of MDA, GSH,
GSH-PX and HIF-1α were not significantly changed in the liver, kid-
ney, lung and spleen of the FX group when compared with control
mice. However, Fig. 1 showed that radiation exposure according to the
current protocol induced significant changes in oxidative stress and
the antioxidant status of certain mouse organs. The HIF-1α and MDA
levels increased significantly (P < 0.05) in the liver (MDA 3.41-fold
and HIF-1α 3.03-fold), kidney (MDA 3.32-fold and HIF-1α 3.13-
fold), lung (MDA 3.64-fold and HIF-1α 6.5-fold) and spleen (MDA
2.57-fold and HIF-1α 3.64-fold) when compared with the respective
control. In contrast, the GSH content and GSH-PX activities decreased
significantly in all organs subjected to investigation in this study as fol-
lows: liver (GSH 68.45% and GSH-PX 49.39%), kidney (GSH 67.58%
and GSH-PX 54.79%), lung (GSH 51.68% and GSH-PX 43.99%) and
spleen (GSH 54.49% and GSH-PX 56.41%). However, in the group of
mice treated with FX before exposure to γ -radiation, a considerable
amelioration in oxidative and antioxidant status manifested by a signifi-
cant decrease (P < 0.05) in HIF-1α (liver 32.71%, kidney 48.18%, lung
44.37% and spleen 48.87%) and MDA (liver 42.79%, kidney 43.15%,
lung 46.18% and spleen 47.52%) levels, and a substantial increase
(P < 0.05) in GSH (liver 2.77-fold, kidney 2.52-fold, lung 1.57-fold
and spleen 1.96-fold) content and GSH-PX (liver 1.8-fold, kidney 1.89-
fold, lung 1.54-fold and spleen 2.02-fold) activities was observed in
all organs subjected to investigation when compared with mice of the
RAD group.

Impact of FX on inflammatory responses of certain
organs in γ -irradiated mice

The data obtained from the present study showed that the inflamma-
tory response (IL-6, MCP-1 and IL-10) in the liver, kidney, lung and
spleen of the FX group was not altered significantly compared with the
control mice. Also, the protein expression of splenic α-7nAchR was
not changed significantly in the FX group in comparison with control
mice. In contrast, the data of the inflammatory response mediators in
certain organs significantly changed in mice exposed to γ -irradiation
compared with the normal mice (Fig. 2). Among them, MCP-1 and IL-
6 increased significantly (P < 0.05) in the liver (MCP-1 3.75-fold and

IL-6 3.38-fold), kidney (MCP-1 3.12-fold and IL-6 4.80-fold), lung
(MCP-1 2.39-fold and IL-6 4.75-fold) and spleen (MCP-1 2.45-fold
and IL-6 3.37-fold) in irradiated mice compared with the control mice.
The IL-10 level was significantly decreased in both lung (54.77%)
and spleen (44.35%) of irradiated mice, associated with a considerable
decrease (P < 0.05) in the protein expression of α-7nAchR in the
spleen (55%) when compared with its equivalent value in control
mice (P < 0.05). We observed significant changes in all inflammatory
response parameters in all organs subjected to investigation in the
current study when mice were injected with FX before exposure to
γ -radiation. As shown, MCP-1 and IL-6 in all organs (liver, MCP-1
53.68% and IL-6 41.21%; kidney, MCP-1 52.78% and IL-6 58.69%;
lung, MCP-1 54.17% and IL-6 51.62%; and spleen, MCP-1 42.92% and
IL-6 70.33%) of the FX + RAD group were significantly (P < 0.05)
decreased when compared with the RAD group. The IL-10 level in
the lung (1.86-fold) and spleen (1.60-fold) significantly increased,
associated with a significant increase in the splenic α-7nAchR protein
expression (1.93-fold) compared with the RAD group.

Impact of FX on γ -irradiation-induced alteration in
apelin-13/APJ/NF-κB signalling

The data exemplified in Fig. 3 (histograms and western blot output)
showed that the protein expression of apelin-13 and its receptor APJ
and a complex protein NF-κB (an inducible transcriptional factor) was
not altered in the liver, kidney, lung and spleen of mice administered FX
when compared with normal mice. However, the protein expression
of apelin-13, PJ and NF-κB increased significantly (P < 0.05) in the
four organs of the RAD group as compared with the control mice as
follows: liver (5.62-, 6.4- and 5.15-fold), kidney (3.7-, 4.2- and 6.8-
fold), lung (2.77-, 3.1- and 5.3-fold) and spleen (5.3-, 6.8- and 6.01-
fold), respectively. Nevertheless, with FX administration, the protein
expression of apelin-13, APJ and NF-κB was significantly decreased
(P < 0.05) in the liver (68.91, 50.16 and 44.23%), kidney (48.65, 50.24
and 54.70%), lung (53.57, 34.19 and 52.83%) and spleen (58.49, 50.15
and 74.15%), respectively, in the FX + RAD group compared with the
RAD group (Fig. 3).

Impact of FX on the changes induced in MMP-2,
MMP-9, TIMP-1 and LDH of certain organs in

γ -irradiated mice
Data shown in Fig. 4 revealed that the activities of MMP-2 and MMP-
9, the TIMP-1 level and LDH activity were not significantly changed
(P < 0.05) in liver, kidney, lung and spleen of the FX mice group when
compared with the control mice. In the RAD mice group, the MMP-
2, MMP-9 and LDH activities increased significantly (P < 0.05) in
the liver (2.47-, 2.32- and 1.65-fold), kidney (2.35-, 3.76- and 1.31-
fold), lung (3.18-, 1.91- and 1.85-fold) and spleen (2.73-, 2.03- and
2.23-fold), respectively, when compared with the control mice, while
a substantial decrease in TIMP-1 concentration (liver 53.26%, kid-
ney 43.51%, lung 46.77% and spleen 54.09%) was observed when
compared with controls. Mice treated with FX before exposure to γ -
radiation showed a significant (P < 0.05) reduction in the changes
induced by γ -radiation on MMP-2, MMP-9 and LDH as compared
with the RAD group, as follows: liver (35.95, 50.85 and 24.56%),
kidney (35.71, 38.65 and 13.69%), lung (54.86, 30.34 and 29.18%) and
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Fig. 1. Impact of FX on oxidative (HIF-1α and MDA) and antioxidant status (GSH and GSH-PX) of (A) liver, (B) kidney, (C) lung
and (D) spleen in γ -irradiated mice. Data are expressed as mean values ± SEM (n = 6 independent values). Columns with different
letters (a, b, c . . . ) within the same histogram are significantly different and columns having the same letters are not significantly
different at P < 0.05. Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group, mice treated with
fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

spleen (33.33, 42.67 and 30.49%), respectively. On the other hand, a
significant elevation (P < 0.05) in TIMP-1 concentration of all organs
(liver 1.70-fold, kidney 1.38-fold, lung 1.57-fold and spleen 1.59-fold)
was observed when compared with the RAD group.

Impact of FX on the changes induced in the
physiological function of liver and kidney in

γ -irradiated mice
Liver function, as shown by the results of ALT and AST enzymes in
serum of mice who received FX, was not significant changed (P <0.05)

when compared with the normal mice (Fig. 5). However, in the mice
group exposed to γ -radiation, the activities of these two enzymes
(ALT 1.32-fold and AST 1.84-fold) increased significantly (P < 0.05)
as compared with the control mice. However, the activities of ALT
(15.78%) and AST (34.56%) were significantly (P < 0.05) decreased
in mice who received FX and were exposed to γ -radiation when com-
pared with the RAD group (Fig. 5).

Regarding kidney function, the data illustrated by Fig. 5 show that
the concentration of urea and creatinine in the serum of mice who
received FX treatment was not significantly changed (P < 0.05) as
compared with the normal mice. The exposure of mice to γ -radiation
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Fig. 2. Impact of FX on inflammatory responses in (A) liver (MCP-1 and IL-6), (B) kidney (MCP-1 and IL-6), (C) lung (MCP-1,
IL-6 and IL-10) and (D) spleen (MCP-1, IL-6 and IL-10) with representative western blot analysis of α-7nAchR (54 kDa) with its
SDS–PAGE normalized to β-actin (43 kDa) protein expression in γ -irradiated mice. Data are expressed as mean values ± SEM
(n = 6 independent values). Columns with different letters (a, b, c . . . ) within the same histogram are significantly different and
columns havimg the same letters are not significantly different at P < 0.05. Control group, normal mice; RAD group, mice exposed
to γ -radiation; FX group, mice treated with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to
γ -radiation.

stimulates a significant increase (P < 0.05) in the serum content of urea
(1.73-fold) and creatinine (2.66-fold) compared with control mice.
However, in mice who received FX treatment before γ -radiation expo-
sure, the content of urea (20.73%) and creatinine (32.79%) showed
a significant (P < 0.05) reduction as compared with the RAD group
(Fig. 5).

Impact of FX on the changes induced in systemic
inflammation of γ -irradiated mice

Figure 6 reveals that there were no significant changes (P < 0.05) in the
serum inflammatory markers (TNF-α, IL-1β , CRP and IL-10) of mice
who received FX when compared with the control mice. As expected,
there were significant increases in the levels of TNF-α (2.56-fold),
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Fig. 3. Impact of FX on the protein expression of apelin-13/APJ/NF-κB signalling in (A) liver, (B) kidney, (C) lung and (D)
spleen with representative western blot analysis of apelin-13 (17 kDa), APJ (60 KDa) and NF-κB (65 kDa) with its SDS–PAGE
normalized to β-actin (43 kDa) in mice exposed to γ -irradiation. Data are expressed as mean values ± SEM (n = 6 independent
values). Columns with different letters (a, b, c . . . ) within the same histogram are significantly different and columns havimg the
same letters are not significantly different at P < 0.05. Control group, normal mice; RAD group, mice exposed to γ -radiation; FX
group, mice treated with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

IL-1β (2.08-fold) and CRP (4.12-fold), and a significant decline in
the level of IL-10 (38.65%), observed in mice exposed to γ -irradiation
when compared with controls. Treatment with FX before exposure to
γ -radiation brought about an incredible improvement in serum levels
of the four measured inflammatory markers when compared with the
RAD group, with a significant decrease in TNF-α (30.34%), IL-1β

(30.89%) and CRP (42.73%), and a significant increase in the level of
IL-10 (1.35-fold).

Histopathological study
The histopathological inspection of the liver, kidney, lung and spleen
tissues of different animal groups is presented in Figs 7, 8, 9 and 10,
respectively.

Liver tissues
The control group showed a normal portal tract with a normal portal
vein (PV), bile ducts (BDs) (black arrow) and hepatocytes in the
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Fig. 4. Impact of FX on the changes induced in MMP-2, MMP-9, TIMP-1 and LDH of (A) liver, (B) kidney, (C) lung and (D)
spleen in irradiated mice. Data are expressed as mean values ± SEM (n = 6 independent values). Columns with different letters (a,
b, c . . . ) within the same histogram are significantly different and columns having the same letters are not significantly different at
P < 0.05. Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group, mice treated with fucoxanthin; and
FX + RAD group, mice treated with FX and exposed to γ -radiation.

periportal area (blue arrows) (Fig. 7a). The FX group showed a nor-
mal central vein (CV) and regular hepatocytes in the perivenular area
(black arrow) (Fig. 7b). The RAD group showed portal tracts with
a mildly widened congested PV, mildly widened CV and scattered
apoptotic hepatocytes in the perivenular zone (black arrows) (Fig. 7c),
and areas of haemorrhage (black arrows) with scattered apoptotic hep-
atocytes (blue arrow) (Fig. 7d). The FX + RAD group showed portal
tracts with a mildly widened PV, normal BDs and mild hydropic change
of hepatocytes in the periportal zone (black arrows) (H&E ×400) as
shown in Fig. 7e.

Kidney tissues
The control group showed normal glomeruli (G) with normal Bow-
man’s spaces (BS), normal proximal tubules (P) with preserved brush
borders (black arrow), normal distal tubules (D) and normal intersti-
tium (blue arrow) as represented in (Fig. 8a). The FX group showed
normal G with normal BS, and P with scattered apoptotic epithelial lin-
ing (black arrow) and preserved brush borders (blue arrow) (Fig. 8b).
The RAD group showed distorted G with average BS, and P with
markedly oedematous epithelial lining (black arrow) and partial loss of
brush borders (blue arrow) (Fig. 8c). The FX + RAD group showed
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Fig. 5. Impact of FX on the changes induced in physiological function of (A) liver (ALT and AST) and (B) kidney (urea and
creatinine) in serum of irradiated mice. Data are expressed as mean values ± SEM (n = 6 independent values). Columns with
different letters (a, b, c . . . ) within the same histogram are significantly different and columns having the same letters are not
significantly different at P < 0.05. Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group, mice treated
with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

small-sized G with normal BS, and P with partial loss of brush borders
(black arrow) and mildly widened congested interstitial blood vessels
(blue arrow) (H&E ×400) as shown in Fig. 8d.

Lung tissues
The control group showed normal alveolar walls (black arrows) and
normal interstitium (blue arrow) (Fig. 9a). The FX group showed
normal alveolar walls (black arrow) (Fig. 9b). The RAD group showed
bronchioles (B) with regular epithelial lining (black arrow), mildly
dilated blood vessels (BV) and markedly congested alveolar walls
(blue arrow) (Fig. 9c). and congested alveolar walls (black arrows)
with interstitial haemorrhage (blue arrow) and oedema (red arrow)
(Fig. 9d). The FX + RAD group showed mildly dilated congested
BV, thickened alveolar walls (black arrow) with mild interstitial
inflammatory infiltrate (blue arrow) (Fig. 9e), and another bronchiole
(B) showed normal epithelial lining (black arrow), normal BV and
normal alveolar walls (blue arrow) (H&E ×400) as revealed in
(Fig. 9f).

Spleen tissues
The control group showed normal lymphoid follicles (yellow arrow)
and blood sinusoids (blue arrow) (Fig. 10a). The FX group showed
normal lymphoid follicles with central arterioles (blue arrow), and nor-
mal blood sinusoids (red bulb) (yellow arrow) (Fig. 10b). The RAD

group showed small-sized lymphoid follicles with central arterioles
(black arrow) and dilated congested blood sinusoids (blue arrow) with
pericapsular inflammatory infiltrate (red arrow) (Fig. 10c). The FX +
RAD group showed dilated congested blood vessels (black arrow) with
congested blood sinusoids (red bulb) (blue arrow) (H&E ×400) as
revealed in Fig. (10d).

DISCUSSION
The focus of the current study was FX, due to its bioactive properties;
we examined its action against RAD exposure-induced changes in
the apelin-13/APJ pathway which could affect or be affected by the
inflammatory reactions and changes in redox status.

The data of the current study showed that exposure of mice to
IR led to a remarkable induction in the oxidative burden in liver,
kidney, lung and spleen tissues that are manifested by a significant
up-regulation of the hypoxia biomarker, HIF-1α, elevation in MDA
(the end-product of lipid peroxidation) and reduction in antioxidant
markers (GSH-PX and GSH). These data were associated with a
considerable elevation of pro-inflammatory molecules (MCP-1 and
IL-6) in the examined organ tissues, down-regulation in the splenic
α-7nAchR and disturbance in systemic inflammatory mediators
(TNF-α, IL-1β , CRP and IL-10). These findings were supported
by the histopathological investigation, whereas the changes in the
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Fig. 6. Impact of FX on the changes induced in TNF-α, IL-1β , CRP and IL-10 in serum of γ -irradiated mice. Data are expressed as
mean values ± SEM (n = 6 independent values). Columns with different letters (a, b, c . . . ) within the same histogram are
significantly different and columns having the same letters are not significantly different at P < 0.05. Control group, normal mice;
RAD group, mice exposed to γ -radiation; FX group, mice treated with fucoxanthin; and FX + RAD group, mice treated with FX
and exposed to γ -radiation.

architecture of tissues that responded to the oxidative damages and
inflammation are obvious.

These results could be attributed to the development of oxidative
stress, a status that arises from the abundant generation of ROS or
malfunction of the antioxidant defence system. Yahyapour et al. [1]
reported that inflammation and oxidative damage are strongly related
to IR exposure. Chatterjee [9] revealed that progressive chronic inflam-
mation and oxidative stress are implicated in a variety of pathological
processes and can lead to dangerous diseases. Radiation-induced lung
injury via post-radiation hypoxia is a causative factor mediating con-
tinuous generation of ROS, a surge in leukocyte migration, vascular
permeability, stimulation of collagen formation and up-regulation of
release of inflammatory cytokines by various cells such as endothelial
cells, alveolar macrophages, pneumocytes and fibroblasts [29]. The
data of the current study might indicate a case of hypoxia. The increase
of HIF-1α in organ tissues of irradiated mice could signify the occur-
rence of hypoxia after radiation exposure, which could take part in the
development of oxidative stress and inflammation. The study of Azab
et al. [30] specified that exposure to γ -radiation causes exaggerated
ROS formation and directs the irradiated cells into a condition of oxida-
tive stress that has been implicated in diverse processes of natural and
pathological origin. This overproduction of ROS is accompanied by
the reduction of cellular antioxidant activities and lipid peroxidation,
protein oxidation indices and inflammatory markers in the liver of

irradiated rats. In the study of Moustafa and Thabet [31], the irradi-
ation of rats by γ -rays (6 Gy) elevated the MDA level and reduced
the antioxidant enzymes [superoxide dismutase (SOD) and catalase
(CAT)] and eventually caused liver tissue damage. Also, the exposure
of brain tissue to 5 Gy of γ -radiation increased MDA, IL-1β and IL-
6, coupled with abrogated antioxidant enzyme activity (glutathione S-
transferase) that led to brain injury [32].

It is noteworthy that the IL-6 produced in response to liver and
kidney injury is a signal in the event of tissue damages [33–35]. The IL-
6 produced in response to kidney damage directly causes inflammation
and injury to lung tissue [35], which is consistent with the results
shown in the present study. However, IL-6 activates splenocytes
to produce IL-10 via α-7nAchR that is required to temper tissue
injury, as reported in the study of Kinsey [35]. The γ -irradiation
microenvironment could direct the persistent activation of the IL-
6 in tissues and systemic pro-inflammatory mediators (TNF-α and
IL-1β) to be detrimental rather than beneficial, as manifested by the
down-regulation of splenic α-7nAchR and IL-10 levels as observed
in the present study. Supporting this view, Linard et al. [36] stated
that after whole-body γ -irradiation of rats at 10 Gy, cascades of
inflammatory responses were induced through the increased concen-
trations of IL-6 and IL-8 associated with a decrease in the IL-10 level.
Moreover, Galal et al. [37] stated that 7 Gy of γ -radiation increased
the biomarkers of hepatotoxicity and diminished ROS-detoxifying
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Fig. 7. Histopathological examination of the liver in different animal groups. All tissues sections are stained with haematoxylin and
eosin, magnification ×400 (H&E ×400). Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group, mice
treated with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

enzymes in the liver and spleen associated with the down-regulation
of splenic α-7nAchR. The down-regulation of splenic α-7nAchR in
the RAD group might be related to cumulative pro-inflammatory and

diminished anti-inflammatory cytokine release through the NF-κB
pathway [38]. Further, Wang et al. [39] revealed that exposure of
human umbilical vein endothelial cells to γ -radiation disrupts the
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Fig. 8. Histopathological examination of the kidney in different animal groups. All tissues sections are stained with haematoxylin
and eosin, magnification ×400 (H&E ×400). Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group,
mice treated with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

cellular junctions through the activation of the inflammatory NF-
κB signalling pathway manifested by enhancement of oxidative and
nitrosative stresses and increases in the cytokines IL-6 and TNF-α.

In contrast, the administration of several doses of FX before γ -
radiation exposure in the FX + RAD group diminished the distur-
bances in the oxidant/antioxidant defence system and
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Fig. 9. Histopathological examination of the lung in different animal groups. All tissues sections are stained with haematoxylin and
eosin, magnification ×400 (H&E ×400). Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group, mice
treated with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

pro-/anti-inflammatory balance as observed in the present study. This
result might be due to the antioxidant capacity of FX. Rodrigues
et al. [40] reported that FX, a marine carotenoid, has a potent free

radical-scavenging capacity which explains its antioxidant abilities.
These abilities might be credited to its distinctive allenic bond and
5,6-monoepoxide which are critical for free radical scavenging and
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Fig. 10. Histopathological examination of the spleen in different animal groups. All tissues sections are stained with haematoxylin
and eosin, magnification ×400 (H&E ×400). Control group, normal mice; RAD group, mice exposed to γ -radiation; FX group,
mice treated with fucoxanthin; and FX + RAD group, mice treated with FX and exposed to γ -radiation.

protection of cells from damage induced by H2O2 and UV-B [41].
FX showed improvements in the traumatic brain injury model by

reducing the MDA content and restoring the activity of GSH-PX [15].
It could exert its cytoprotective effects counter to H2O2 oxidative
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injury in L02 cells (normal human hepatic cell line) through the
phosphatidylinositol 3-kinase-dependent induction of Nrf-2 (nuclear-
factor erythroid related factor-2) signalling that is manifested by
reduced leakage of LDH and intracellular ROS with enhanced
intracellular GSH [42]. FX is responsible for the amendments of
cellular redox tone and inflammation that were observed in the liver
of irradiated rats at 8 Gy of fractionated (2 Gy ×4; 2 Gy every 3 days)
γ -rays via regulation of TNF-α levels, MDA production and preser-
vation of GSH concentration [43]. Also, FX restores the reduced
antioxidant system (GSH, GSH-PX, SOD and CAT) and inhibits
the high level of generation of the inflammatory molecules IL-1β

and TNF-α which are linked to obesity [44]. Furthermore, Grasa-
López et al. [45] showed that FX has a progressive effect via increasing
the anti-inflammatory cytokine adiponectin and diminishing the pro-
inflammatory cytokines leptin and CRP. The anti-inflammatory effect
of FX might be attributed to the inhibition of NF-κB induction and
the suppression of mitogen-activated protein kinase (MAPK) phos-
phorylation which leads to decreasing the level of pro-inflammatory
mediators involving NO, prostaglandin E2, IL-1β , TNF-α and IL-6 in
lipopolysaccharide-stimulated murine macrophage cells [14].

The protein expression of the apelin-13/APJ/NF-κB pathway
increased in the liver, kidney, lung and spleen tissues of the irradiated
mice group concurrently with the development of oxidative stress
and inflammation, as observed in the current study. The increase
observed in apelin-13, APJ and NF-κB protein expression could be
credited to the action of highly inflammatory mediators such as IL-6
or the development of oxidative stress because of the large amounts of
MDA formed in response to the excessively generated ROS in organ
tissues due to radiation exposure. Han et al. [46] showed that the
inflammation-induced rise in apelin mRNA expression was mediated
via IL-6 and interferon-γ by stimulation of apelin promoter activity,
which in turn was mediated through the JAK/STAT pathway. Helmi
et al. [47] described that the damage to the heart observed during
chronic systemic hypoxia is because of a rise in the relative apelin
mRNA expression, high MDA levels and substantial increases in the
formation of ROS during hypoxia. The up-regulation of inflammatory
mediators and the activation of NF-κB are key events behind the
inflammatory process. Xu et al. [48] established that the transcription
factor NF-κB controlled serious cellular responses to stress and injury
through activation of cytokines (such as TNF-α and IL-1) and oxygen
free radicals. Binding of apelin-13 to its receptor APJ can prompt the
expression of the transcription factor NF-κB, which intensifies the
manifestation of the chemotactic pro-inflammatory molecule MCP-1
[49, 50] and is associated with down-regulation of α-7nAchR protein
expression [38].

The anti-inflammatory effect of FX against γ -radiation-induced
tissue inflammation could be interpreted in the light of its ability to
control the apelin/APJ/NF-κB axis. The present data pointed out the
significant amelioration in the apelin/APJ/NF-κB signalling pathway
in mice who received FX and then were exposed to γ -radiation. It could
be assumed that the management of this signalling pathway might be
attributed to the role of NF-κB as a regulator of the apelin pathway
linked mechanistically to apelin’s inhibition of inflammatory mediator
up-regulation and suppression of NF-κB activation in tissues suffering
from inflammation. Kim et al. [14] and Choi et al. [51] postulated that

FX is beneficial as anti-inflammatory therapy because of its inhibitory
influence on NF-κB activation and MAPK phosphorylation.

In the present study, an imbalance between MMP-2, MMP-9 and
TIMP-1 was detected in the liver, kidney, lung and spleen of mice
exposed to γ -irradiation compared with the control mice. This was
accompanied by a significant increase in LDH activity in all organs,
disturbance in liver function enzymes (as shown by increased AST and
ALT activities) and kidney function (as shown by the raised urea and
creatinine levels) and alterations in the architectures of organ tissues
that were observed in tissues photomicrographs of the RAD group.
The induction of oxidative stress, inflammation and up-regulation of
the apelin/APJ/NF-κB signalling pathway after γ -irradiation might
contribute to the above consequences and the subsequent breakdown
of organ functions in irradiated mice. Yahyapour et al. [1] stated that
the situation of oxidative destruction, chronic inflammation and its
consequences which resulted after IR may interrupt the functions of
irradiated organs. Galis and Khatri [52] related the imbalance between
MMPs and TIMPs, and the promotion of vascular remodelling to the
induction of oxidative stress and the development of inflammatory
responses. Also, Nguyen et al. [53] observed the induction of MMP-2
and MMP-9 and reduction of TIMP-1 in response to the up-regulation
of NF-κB in PMA (phorbol 12-myristate 13-acetate)-induced human
fibrosarcoma. In addition, in colorectal carcinoma patients, the devel-
opment of oxidative stress enhances the cell membrane lipid peroxi-
dation, leading to impairment in membrane permeability and leakage
of LDH and malate dehydrogenase (MDH) into the circulation [54].
The outflow of the cytosolic enzyme LDH is related to cellular viability,
and hence it is a convenient gauge of membrane destruction. Several
studies confirmed that LDH is a marker of organ injury and correlated
its increase in tissues with oxidative stress and inflammatory conditions
[55–58]. Thus, the increases in LDH that were found in all organs of
the present study emphasize the damage of those organs after exposure
to γ -radiation.

From the data revealed in the present study, FX administration
before γ -radiation exposure reduces oxidative stress and at the same
time prevents the MMP-2, MMP-9/TIMP-1 imbalance and maintains
cellular integrity as perceived by diminished LDH leakage from
the liver, kidney, lung and spleen of irradiated mice. These findings
might be credited to the antioxidant and anti-inflammatory actions
of FX, which resulted in regulation of the apelin-13/APJ/NF-κB
signalling axis as previously interpreted. The FX administration
reduced cellular MMP-2 and MMP-9 activities concomitant with
increases in the tissue MMP inhibitors, such as as TIMP-1 in PMA-
induced human fibrosarcoma cells via inhibition of NF-κB, JNK and
p38-MAPK [53]. Also, the pre-treatment by FX resulted in a reduction
of LDH leakage, decreased intracellular ROS content and enhanced
intracellular GSH [42]. The inhibition of LDH reduced hepatic
necrosis, apoptosis and the appearance of pro-inflammatory mediators
in a mouse model with acute liver failure [58] which could explain the
improvement that was observed in the organ of the FX + RAD group.
Histopathological examination of the liver, kidney, lung and spleen
in the current investigation revealed that FX possesses a remarkable
radioprotective potential as implied by its mitigation of the harmful
alterations induced by IR on the biochemical profile. These data are
in agreement with those of Bharathriraja et al. [59], Zheng et al. [60]
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and Wang et al. [61] who postulated the cytoprotective efficacy of FX
against various deleterious factors in different organs and attributed
these effects to its antioxidant and anti-inflammatory properties. Of
note, the current study sheds light on a novel mechanism that might
contribute to the cytoprotective efficacy of FX via the concerted
regulation of the splenic cholinergic anti-inflammatory nicotinic
receptor (α-7nAchR) and the apelin-13/APJ pathway in the target
organs.

As reported in Mun et al. [62], there are several radioprotectors
which have been investigated with different mechanisms of protective
actions such as: bergenin (Caesalpinia digyna) which activates
MAPK and ERK pathways to modulate the radiation damage effect;
N-acetyl tryptophan glucopyranoside (Bacillus subtilis) which over-
comes radiation-induced damage by recovering cytoprotective
cytokines and antioxidant enzymes; zymosan A (Saccharomyces
cerevisiae) which protects against radiation-induced DNA damage
by up-regulating the levels of cytokines, and psoralidin (Psoralea
corylifolia) which inhibits the radiation-induced PI3K–IKK–IκB
signalling pathway, COX-2 and expression of pro-inflammatory
cytokines. N-acetyl cysteine and resveratrol have been shown to
decrease DNA damage via induction of natural antioxidants (GSH,
SOD and CAT); vitamin C, inapoyl-Eglucoside and quercetin-3-
O-rhamnoside-7-O-glucoside showed protection against radiation
through reduction in lipid peroxidation, as reported in Smith et al.
[63]. Oh et al. [64] reported that algal natural products such as dieckol,
fucoxanthin, astaxanthin and algae extracts have radioprotective effects
including radical scavenging and antioxidant properties. However, the
new findings of the current study shed light on a novel mechanism
of FX as a radioprotector against γ -radiation-induced damage in the
organs studied through its concerted regulation of the apelin/APJ/NF-
κB signalling pathway and splenic α-7nAchR, a primary receptor of the
cholinergic anti-inflammatory pathway, as it has antioxidant and anti-
inflammatory effects that led to modulation of the structural damage
markers (MMP-2, MMP-9, TIMP-1 and LDH) and the function of
the organs.

Collectively, the results of the current study indicate that radiation
exposure-induced activation of apelin-13/APJ signalling which could
be attributed to the induction of oxidative stress (as manifested in
this study by an increase of HIF-1α and MDA, and decreases of GSH
and GSH-PX) as well as inflammation (as manifested by increases in
MCP-1, IL-6 and NF-κB and decreases in IL-10 and α-7nAchR).
Furthermore, the elevation of oxidative stress and inflammatory
mediators led to structural damage in the organs examined (as
manifested by an increase in MMP-2, MMP-9 and LDH, and a decrease
in TIMP-1 confirmed by histopathological examination). In turn,
the recorded activation of apelin signalling in the irradiated group
appeared to participate in the surge observed in oxidative stress and
inflammation. We could suggest that the systemic administration of
FX has considerable beneficial effects against oxidative damage and
the inflammatory status. The regulation of the apelin-13/APJ/NF-
κB signalling axis might represent the cornerstone of the protective
mechanisms of FX against radiation hazards that lead to the cellular
damage and collapse of organ functions. As a recommendation, FX
might be of use as a potential radioprotector in cases of radiation
exposure.
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