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A B S T R A C T

Aims: Poisoning with aluminium phosphide (AlP) commonly has a high rate of mortality and morbidities.
Phosphine gas is the main cause of AlP poisoning that has deleterious effect on multi-organs especially heart,
kidney, and liver. Furthermore, several studies reported that resveratrol has cytoprotective effects through its
pleiotropic property. The purpose of this study was to estimate the dose-dependent role of resveratrol on
phosphine induced acute hepatic toxicity in rat model.
Main methods: The rats have been exposed to LD50 of AlP (12mg/kg) by gavage, and resveratrol doses (20, 40,
and 80mg/kg) were injected 30min after intoxication. After 24 h, the serum and liver tissue were collected for
present study.
Key findings: The results indicated that phosphine causes an alteration in oxidative stress markers including
elevation of ROS, and GSH level, MPO activity, reduction in SOD, catalase and G6PD activity as well as reduction
in SOD1 and catalase expression. Furthermore, phosphine significantly induced phosphorylation of IkappaB, NF-
kappaB and up-regulation of TNF-α, IL-1β, IL-6, and ICAM-1 expression. Also, phosphine induces markedly
reduced hepatocytes lives cell and elevated apoptosis and necrosis. Co-treatment of resveratrol in a dose-de-
pendent manner reversed aforementioned alterations. All in all, histological analysis indicated a deleterious
effect of phosphine on the liver, which is mitigated by resveratrol administration.
Significance: The results of the present study suggest targeting ROS/NF-kappaB signalling pathway by resvera-
trol may have a significant effect on the improvement of hepatic injury induced by phosphine. It also may be a
possible candidate for the treatment of phosphine-poisoning.

1. Introduction

Aluminium phosphide (AlP) is an old potent pesticide in forms of
tablet, pallet, etc. which is commonly used to protect cereals. AlP is
frequently used in some countries because of its low cost, easy usage,
high efficacy, and no effect on cereals during transportation or storage
[1]. AlP has high toxic effects for non-target species especially human.
Self-poisoning of AlP is a common reason of death especially in de-
veloping countries due to its availability in the markets [2]. The
common way of AlP poisoning in human is due to its ingestion, in-
halation and the rare one is absorption through the broken skin. Poi-
soning by AlP is fatal. As reported amount 30%–70% of individuals
poisoned with this pesticide die of multi-organ dysfunction [3].

Most of the patients intoxicated with AlP die in spite of intensive

care. Also, there are several ways to manage AlP intoxication, including
gastric lavage with oral sodium bicarbonate, potassium permanganate
solution, and activated charcoal. Despite many efforts to manage AlP
intoxication, it is still one of the greatest challenges in societies. The
whole and exact mechanisms of AlP intoxication are not completely
understood, but it is demonstrated that phosphine gas is its main poi-
soning agent. Lethal phosphine gas releases from AlP in reaction with
hydrochloric acid or available water in the stomach and is rapidly ab-
sorbed through the gastrointestinal tract and can diffuse freely into the
cells and induce systemic toxicity [3,4]. Many kinds of literature have
been provided with evidence of multi-organ disorders due to exposure
to pesticides [5,6]. It is reported that the malfunction of heart, kidney,
and liver is the main reason of death by AlP exposure and liver failure is
the common reason of death between 24 and 72 h after AlP-intoxication
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[7]. It is previously reported that phosphine through interaction with
mitochondria respiratory chain as the main source of free radicals, in-
duces reactive oxygen species (ROS) and extensive oxidative stress as
well as cell membranes denaturation [8,9]. Moreover, mitochondrial
dysfunction induces release of mitochondrial intermembrane space
agents such as cytochrome c into the cell cytoplasm. These agents are
involved in initiation of apoptosis pathway [10]. In addition, free ra-
dicals are strongly related to initiating inflammation and apoptosis
[11,12].

Furthermore, several numbers of researchers have reported that
resveratrol liver-protective role is due to its pleiotropic property.
Resveratrol potentially decreases free radicals, apoptosis and in-
flammation pathways [13, 14]. In addition, resveratrol has a regulatory
role in decline apoptosis and inflammatory pathways [15,16]. More-
over, the protective property of resveratrol on liver dysfunction has
been previously reported in several pathological situations [17,18].
Although some researches have been carried out for a better under-
standing of AlP induced liver injury mechanisms, details have not been
yet cleared. Also, the results of previous studies on the anti-oxidant,
anti-inflammatory, anti-apoptotic, and other cytoprotective effects of
resveratrol bring this idea that it may have a potential to neutralize the
mechanisms of liver dysfunction induced by AlP. As such, the aim of
this study is to demonstrate the positive effects of resveratrol on AlP-
induced liver toxicity in rat models. To our best knowledge, this is the
first study on the investigation of the resveratrol effect on liver toxicity
induced by AlP.

2. Materials and methods

2.1. Ethics

This animal study was approved by the protocols of Animal Care
under the ethical committee at AJA University of Medical Science with
code number 97058.

2.2. Chemicals

ELISA kits for evaluation of catalase activity were obtained from
Abcam (USA). AlP was obtained from Samiran Pesticide Formulating
Co. (Iran). Resveratrol, bovine serum albumin (BSA), and 2′,7′-di-
chlorodihydrofluorescein diacetate (DCFH-DA) were purchased from
Sigma-Aldrich (GmbH, Munich, Germany). AST and ALT kits were
purchased from Pars Azmoon Inc., Iran. ApoFlowEx® fluorescein iso-
thiocyanate (FITC) kit was obtained from Exbio (Vestec, Czech
Republic). Antibodies for pIkappaB, pNF-kappaB and β-actin obtained
from Santa Cruz Biotechnology (CA, USA). Other materials were ob-
tained from Sigma or Merck.

2.3. Animals

All tests were performed on adult male Albino Wistar rats, weighing
220 ± 20 g housed in standard temperature (20–24 °C) and 50–55%
humidity. Animals were kept in 12 h dark/light cycle under conditions
in which standard rat diet and ad libitum watering were available. All
experimental protocols were done in accordance with guidelines for
animal care and it has been approved by the AJA ethics committee.

2.4. Determination of AlP LD50

The 50% lethal dose (LD50) of AlP as previously was reported a
range from 8.7 to 12.5mg/kg [3,7]. For detection exact dose of AlP
LD50 in this study, we examined the relevant doses of AlP including 9,
10, 11, 12, and 13mg/kg. First of all, the tablets of AlP were powdered
and the doses were dissolved in 1/5 cm3 of coconut oil and gavaged to
rats. The control group just gavaged by coconut oil. In each group, there
were 12 rats and followed up 24 h post exposure. All deaths until 24 h

were recorded and LD50 of AlP was calculated as 12mg/kg using the
probit test.

2.5. Treatment strategy

The protocol of these animal studies was according to the following
groups: the 72 rats were equally and randomized into divided into the 6
groups each groups including 12 rats as follows: Group 1 received solely
coconut oil by gavage (Control); Group 2 received resveratrol in a dose
of 80mg/kg by intraperitoneal injection (REZ80); Group 3 received AlP
by gavage (AlP); Group 4 received AlP+20mg/kg of resveratrol
30min after exposure (AlP+REZ20); Group 5 received AlP+40mg/
kg of resveratrol 30min after exposure (AlP+REZ40), and Group 6
received AlP+ 80mg/kg of resveratrol 30min after exposure
(AlP+REZ80). All rats were followed for 24 h. Finally, six alive rats
were chosen for analysis.

In treated groups, solvents of resveratrol and AlP were coconut oil.
The AlP and resveratrol doses and strategy of rat treatments were
chosen according to the literature search and our pilot study [19].

2.6. Serum and liver tissue sampling

Six live treated rats were sacrificed at the end of 24 h. In order to
parameters analysis in present study, the blood samples were collected
directly from the heart by syringe in heparinized tubes and immediately
centrifuged at 3000g for 5min to separate serum. The liver tissue sur-
gically isolated. The liver tissues were washed out by rinsing with cold
PBS and divided into several parts. All samples except samples for flow
cytometry analysis were immediately frozen at −80 °C and histological
samples were fixed in 10% buffered formaldehyde.

2.7. Assessment of hepatic serum enzymes

The levels of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were analyzed with spectrophotometry ac-
cording to kits protocols. The results are demonstrated as unit per liter.

2.8. G6PD activity

Glucose 6 phosphate dehydrogenase (G6PD) activity was analyzed
according to the method of Beutler spectrophotometrically with a mi-
croplate reader. The G6PD activity reported as nmol of NADP reduced/
minmg protein [20].

2.9. Measurement of enzymatic anti-oxidants

The catalase activities were assessed based on the reaction of a
probe with unconverted H2O2 using colorimetric assay at OD 570 nm
according to the kit protocol. Then catalase activities of the liver sample
determined using a standard curve and reported as units per mg of
tissue protein. The activity of SOD measured according to as described
by Sun et al. [21] based on produce superoxide radicals by xanthine and
xanthine oxidase. The activity of SOD was reported as units per mg of
tissue protein.

2.10. Measurement of non-enzymatic anti-oxidants

Reactive oxygen species (ROS) analyzed base of oxidation of DCFH-
DA into DCF by a method reported previously Chen et al. [22]. The ROS
level was calculated using a standard curve and reported as units per
mg of tissue protein. The levels of glutathione (GSH) was determined
according to the method by Tietze using Elman's reagents (19.8mg of
DTNB in 100ml of 0.1% sodium nitrate) and absorbance measured at
450 nm [23]. The results reported as μmol per mg of tissue protein.
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2.11. Assessment of myeloperoxidase (MPO) activity

Hepatic MPO activity was investigated with spectrophotometry
according to the previous method. In brief, liver samples were homo-
genized in hexadecyltrimethylammonium bromide (HTAB) buffer and
were then centrifuged (30,000g, 15min, 4 °C). After that, the MPO
activity was measured using spectrophotometer at 460 nm. The unit of
MPO activity was alteration in converting 1 μmol of H2O2 to H2O per
1min at room temperature [7]. The MPO activity was demonstrated as
units per mg of tissue protein.

2.12. Determination of protein

Liver protein analysis was determined as reported previously by a
spectrophotometer by using Bradford protein assay at 595 nm [24].

2.13. Real-time PCR

To determine changes in gene expression of TNF-α, IL-1β, IL-6,
ICAM-1, SOD1, and catalase real-time PCR was perfumed after mRNA
extraction and cDNA synthesis. At first, RNA of liver samples was ex-
tracted by homogenizing tissues in TRIzol reagent. Then the con-
centration of RNA was determined using Nano-Drop UV–vis spectro-
photometer (Thermo Fisher Scientific, CA) and 1 μg/μl RNA was used to
reverse transcribe it to cDNA using iScript cDNA synthesis kit. The
specific primers for mentioned genes were designed and purchased
from Eurofins genomics (Eurofins genomics, Germany). The SYBR green
master mix was used for the real-time PCR reaction. Cycle number (Ct)
of each reaction was achieved from Light Cycler 96 (Roche Applied
Sciences, USA). The values were normalized to GAPDH mRNA and the
relative gene expression level was represented as 2−ΔΔCt. The following
primers were used in this study:

TNF-α primer forward: AGGATTCCAATGGGCTTTCG
TNF-α primer reverse: ATCTTCAGCAGCCTTGTGAG
IL-6 primer forward: GATACCACCCACAACAGACC
IL-6 primer reverse: TCAGAATTGCCATTGCACAAC
ICAM-1 primer forward: CGGACACAGCTCTCAGTAGT
ICAM-1 primer reverse: GAGAAATTGGCTCCGTGGTC
SOD1 primer forward: TGGGGACAATACACAAGGCT
SOD1 primer reverse: GGTCTCCAACATGCCTCTCT
Catalase primer forward: ACTTTGAGGTCACCCACGAT
Catalase primer reverse: TCCCACAAGGTCCCAGTTAC
GAPDH primer forward: AGTCTACTGGCGTCTTCACC
GAPDH primer reverse: CCACGATGCCAAAGTTGTCA

2.14. Western blot

Total protein concentrations were determined using Bradford re-
agent and proteins were separated by 10% SDS-PAGE. Overall, 100 μg
protein were resolved on sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE), then it is transferred to polyvinylidene
fluoride (PVDF) membranes via electrophoretic transfer system prior to
Western blot analysis. The membranes were blocked with 5% blocking
agent. After 2 h, the blotted papers were coated overnight at 4 °C, by
blocking agent containing specific primary antibodies including pNF-
kappaB (1:200), pIkappaB (1:200), and monoclonal β-actin (1:1000)
antibodies. The membranes were thoroughly washed with TBS, 0.05%
Tween-20 (TBS-T) and incubated with goat anti-mouse IgG-HRP con-
jugated secondary antibodies (1:1000) for 1 h at room temperature. The
blots were exposed to chemiluminescent detection reagents for the
detection of target antigens. The bands were quantified with Image J
software and normalized to corresponding β-actin band intensity [25].

2.15. Investigating apoptosis and necrosis

Fresh liver was used for investigation of apoptosis and necrosis
according to the method described by Shi et al. [26]. Then single he-
patocytes were stained with annexin V-FITC for determining phospha-
tidylserine in apoptotic cells, and with propidium iodide (PI) for late
apoptotic and necrotic cells according to the kit instruction. Analysis
was carried out using flow cytometry (Mindray, Shenzhen, China).

2.16. Histological assay

Liver histology analysis was done according to previously described
[27]. Briefly, the liver tissue was fixed in 10% neutral buffered formalin
and Four-micrometer serial sections prepared from the paraffin blocks.
The blinded sections stained with hematoxylin and eosin (H&E) and
observed under a light microscope by an investigator. In each slid five
randomly selected fields were chosen and analyzed according to the
Suzike's criteria as follows: congestion, vacuolization, and necrosis were
assessed using a scale of 0–5 as follows. 0, none; 1, minimal (< 10%
affected); 2, mild (11–30% affected); 3, moderate (31–60% affected); 6,
severe (> 60% affected).

2.17. Statistical analysis

All the tests were performed three times with 6 rats in each group.
Data were presented as Mean ± SEM. Statistically, the analysis was
performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA,
USA) with one-way ANOVA test followed by Tukey's multi-comparison.

3. Results

3.1. Levels of AST and ALT in serum

AST and ALT are fundamental biomarkers of liver. It is demon-
strated phosphine markedly induced elevation in the levels of these
markers compared to control group. Co-treatment of resveratrol with
increasing dose significantly dampened the elevation of these markers

Fig. 1. Data are mean ± SEM of six ani-
mals in each group. Control group received
coconut oil; REZ80 group received resver-
atrol (80mg/kg); AlP group received AlP
(12mg/kg); AlP+REZ20 group received
AlP+ resveratrol (20mg/kg); AlP+REZ40
group received AlP+ resveratrol (40mg/
kg), AlP+REZ80 group received
AlP+ resveratrol (80mg/kg). Serum AST
(A) and ALT levels (B). *P < 0.05 com-
pared to control group, **P < 0.01 com-
pared to control group, ***P < 0.001
compared to control group, #P < 0.05
compared to AlP group, ##P < 0.01 com-
pared to AlP group, ###P < 0.01 com-
pared to AlP group.
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in serum. Moreover, the levels of these markers in only resveratrol-
treated animals demonstrated relatively similar to control group
(Fig. 1A & B).

3.2. Oxidative stress parameters in liver tissue

ROS was assessed as an important indicator of oxidative stress in-
creased in liver injury induced by phosphine. As illustrated in Fig. 2(A)
ROS were increased by phosphine compared to the control group. On
the other hand, co-treatment of resveratrol reduced ROS levels whereas
dose of 80mg/kg did not cause a significant difference in comparison to
the control group. SOD enzyme is the first defense counteracting
oxygen free radicals. It is demonstrated in Fig. 2(B) activity of SOD
induced by phosphine was inhibited by resveratrol, but this was not the
same as control group. Catalase enzyme activity, as indicated in
Fig. 2(C), was significantly reduced by phosphine in comparison to
control group. It was also inhibited by resveratrol dose-dependently. As
demonstrated in Fig. 2(D), phosphine caused a significant reduction in
GSH, as the main anti-oxidant molecules, in rat's liver compared to their
control counterparts. Co-treatment with resveratrol restored GSH

content compared to AlP group. G6PD enzyme as it is shown in
Fig. 2(E) was significantly reduced by phosphine in comparison to the
control group. This reduction was reduced by resveratrol co-treatment
and was as same as the control group in dose of 80mg/kg. Also,
Fig. 2(F) demonstrates that hepatic MPO activity was noticeably in-
creased by phosphine compared to the control groups. Resveratrol co-
administration reduced the activity of MPO dose-dependently. This
reduction was not significant in co-treatment with the dose of 80mg/kg
compared to control rats.

3.3. mRNA expressions of inflammation and oxidative stress markers

For evaluation of inflammation markers including TNF-α, IL-1β, IL-
6, and ICAM-1 as well as oxidative stress markers such as SOD1 and
catalase mRNA levels, real-time PCR was assessed. The aforementioned
inflammation markers are the important inflammatory cytokines which
are increased by NF-kappaB activation. AlP induced an approximately
7-fold increase in TNF-α mRNA expression 24 h after exposure.
Moreover, treatment with different doses of resveratrol significantly
alleviated this elevation towards control levels (Fig. 3A). In similar, in

Fig. 2. Data are mean ± SEM of six ani-
mals in each group. Control group received
coconut oil; REZ80 group received resver-
atrol (80mg/kg); AlP group received AlP
(12mg/kg); AlP+REZ20 group received
AlP+ resveratrol (20mg/kg); AlP+REZ40
group received AlP+ resveratrol (40mg/
kg), AlP+REZ80 group received
AlP+ resveratrol (80mg/kg). ROS levels
(A), SOD activity (B), catalase activity (C),
G6PD activity (E), and MPO levels (F). *
P < 0.05 compared to control group,
**P < 0.01 compared to control group,
***P < 0.001 compared to control group,
#P < 0.05 compared to AlP group,
##P < 0.01 compared to AlP group,
###P < 0.01 compared to AlP group.
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AlP group, mRNA levels of IL-1β, IL-6, and ICAM-1 were elevated ap-
proximately 11-fold, 5-fold, and 12-fold in comparison to control group,
respectively (Fig. 3B, C, & D). Groups which received AlP plus admin-
istration of different doses of resveratrol had a dramatic reduction in
these levels. It has to be mentioned that this reduction was not

significant in dose 80mg/kg for IL-6 and ICAM-1 compared to control
group. Also, phosphine markedly induced mRNA expression reduction
of SOD1 and catalase 24 h after exposure dose-dependently. Co-treat-
ment of resveratrol markedly inhibited of these reductions so in dose of
80mg/kg were not significant compared to control group (Fig. 4E & F).

Fig. 3. Data are mean ± SEM of six animals in each group. The mRNA expression of TNF-α (A), IL-1β (B), IL-6 (C), ICAM-1 (D), SOD1 (E) and catalase (F) in treated
rats. The control group received coconut oil; REZ80 group received resveratrol (80mg/kg); AlP group received AlP (12mg/kg); AlP+REZ20 group received
AlP+ resveratrol (20mg/kg); AlP+REZ40 group received AlP+ resveratrol (40mg/kg). AlP+REZ80 group received AlP+ resveratrol (80mg/kg). *P < 0.05
compared to control group, **P < 0.01 compared to control group, ***P < 0.001 compared to Control group, #P < 0.05 compared to AlP group, ##P < 0.01
compared to AlP group, ###P < 0.01 compared to AlP group.

Fig. 4. Data are mean ± SEM of six ani-
mals in each group. Effect of resveratrol on
pNF-kappaB (A) and pIkappaB (B) in rats.
The control group received coconut
oil; REZ80 group received resveratrol
(80mg/kg); AlP group received AlP
(12mg/kg); AlP+REZ20 group received
AlP+ resveratrol (20mg/kg); AlP+REZ40
group received AlP+ resveratrol (40mg/
kg). AlP+REZ80 group received
AlP+ resveratrol (80mg/kg). *P < 0.05
compared to control group, **P < 0.01
compared to control group, ***P < 0.001
compared to control group, #P < 0.05
compared to AlP group, ##P < 0.01 com-
pared to AlP group, ###P < 0.01 com-
pared to AlP group.
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3.4. The protein level of phosphorylated IkappaB, and NF-kappaB in the
liver

Phosphorylated levels of IkappaB and NF-kappaB protein were
meaningfully elevated in AlP group compared to the control group 24 h
after the exposure. The level of pIkappaB, and pNF-kappaB in rats
treated with different doses of resveratrol had a drastic reduction
compared to the AlP group (Fig. 4A & B). The reduction of pIkappaB
was not significantly different in comparison to control group.

3.5. Live, late apoptotic and necrotic cells in the liver

Flow cytometry data analysis indicated in control group live cells
(annexin V−/PI−), late apoptotic cells (annexin V+/PI+), and ne-
crotic cells (annexin V−/PI+) cells are 87.61%, 5.59%, and 4.39%,
respectively. On the other hand, phosphine meaningfully reduced he-
patocytes viability to 60.54% and elevated rate of late apoptosis and
necrosis to 24.23% and 13.13%, respectively. Co-administration of re-
sveratrol dose-dependently modified the beforementioned alteration.
Surprisingly, among tree dose of resveratrol co-treatment of 80mg/kg
of resveratrol increased to live cells, late apoptotic cells, and necrotic
cells to 80.81%, 8.88%, and 8.7%, respectively (Fig. 5A & B). In the
groups early apoptosis were not significant (data not shown).

3.6. Histological analysis

Histopathological examination was done according to Suzuki
scoring. Rat's liver exposed to AlP for 24 h, demonstrated significant
changes compared to the control group. Interestingly, the qualitative
analysis revealed that rats receiving AlP with co-treatment of different
doses of resveratrol displayed mitigation of hepatic injury. There were
no significant changes in rats receiving 80mg/kg of resveratrol in
comparison to control group (Fig. 6A & B).

4. Discussion

As mentioned in a literature review, hepatic injury is one of the
possible important causes of death in phosphine intoxication [28].
Phosphine is a very high toxic gas which is released from metal phos-
phide including AlP, zinc phosphide, etc. [29]. In this study, we used
AlP as a source of this toxic gas because AlP-poisoning is a common
reason for death worldwide, especially in developing countries [30].
Phosphine toxicity has been widely investigated for its effect on car-
diovascular acute injuries while few studies have investigated the toxic
effect of phosphine on the liver. This is why there is little information
about the mechanism of its hepatic toxicity. The present study focuses
on some new mechanisms of phosphine-induced hepatotoxicity and the
role of resveratrol in rats model. The mechanisms of hepatocyte phos-
phine-induced cytotoxicity in present study are summarized in Fig. 7.

The results of this study demonstrated that the AlP administration
induced hepatotoxicity through induction of oxidative stress, in-
flammation and apoptosis.

Oxidative stress is defined as a reduction in anti-oxidant agents that
neutralize free radicals, and un-controlled elevation in the cells free
radicals [31,32]. Most of the free radicals are known to be the main
mechanisms of hepatotoxicity [33].

The results of the present study indicated that phosphine induced an
elevation in the level of ROS while reduced catalase, and SOD activity
and GSH content as oxidative stress markers in hepatic tissue.
Furthermore, phosphine induced down-regulation of SOD1 and catalase
expression. Also, it is indicated that the aforementioned alterations
were modified by resveratrol. Previously it has been reported that
oxidative stress has an important role in phosphine-induced toxicity in
several tissues [34]. Free radicals can react with cell molecules and
consequently cause malfunctions in cells and organelles such as mi-
tochondria, and therefore can cause initiation of some pathways such as

inflammation and apoptosis [35].
Normally, different types of oxygen free radicals are produced in

cells especially during oxygen consumption and metabolism in mi-
tochondria [36–38]. ROS production in mitochondria occurs through
the electron transport during oxidative phosphorylation. In the mi-
tochondrial respiratory chain complex I (oxidoreductase NADH: ubi-
quinone) and III (oxidoreductase ubiquinol: cytochrome c reductase)
are responsible for the production of ROS. Uncoupling of electron
transport elevates ROS production [39,40]. It is previously demon-
strated that one of the mechanisms for ROS elevation induced by
phosphine is through a malfunction in some of the mitochondrial re-
spiratory chain complexes [2].

SOD enzyme is the first and powerful anti-oxidant defense system
which converts superoxide free radicals (O2

−) into either ordinary
molecular oxygen or hydrogen peroxide and decreases the extra O2

– in
cells [41]. As indicated in the present study, phosphine reduces SOD
activity in liver tissue and it is blocked by resveratrol. This result could
be due to the induction of free radicals' high production in hepatocyte.

Catalase enzyme, which is commonly found in almost all living
organisms and tissues, is responsible for decomposition of hydrogen
peroxide (H2O2) to water and oxygen [42]. As previously reported, this
enzyme is very efficient and can degrade millions of H2O2 molecules in
1 s [43]. The current study found that in hepatic tissue, catalase activity
was decreased 24 h after exposure to phosphine. This reduction was
inhibited dose-dependently by resveratrol. These results are in an
agreement with the previous report, claiming that phosphine reduces
catalase activity [44]. The possible mechanism is through interaction
between phosphine and metal ion co-factors at the active site of cata-
lase enzyme [28].

In addition, many literatures previously demonstrated that resver-
atrol inhibited catalase activity reduction [45–47].

GSH is one of the main intracellular defenses during oxidative stress
and has a pivotal role with other anti-oxidant molecule in neutralizing
free radicals and preserving cell integrity [48]. GSH through its sulfur
atom of thiol groups donates an electron to free radicals and then two
molecules of GSH are oxidized to glutathione disulfide (GSSG). GSSG is
reduced by glutathione reductase (GR) enzyme to GSH by oxidizing
NADPH to NADP+ [35]. In the present study, the GSH level was sig-
nificantly reduced in liver tissues after exposure to phosphine. This
reduction was dose-dependently inhibited by resveratrol. A previous
study also reported that phosphine decreased liver GSH level [49].
Moreover, there are many studies demonstrating that resveratrol with
its anti-oxidant property prevents reduction of GSH level [50,51]. The
possible role of resveratrol is increasing GSH cellular content through
its direct anti-oxidant property, up-regulation of GSH expression and
synergistic effects with other anti-oxidants and stimulating of g-gluta-
mylcysteine syntheses [52,53].

G6PD enzyme is an enzyme responsible for reduction of GSSG to
GSH, which is done by GR enzyme using NADPH as co-factor which
converts to NADP+ [54]. NADPH is recycled by G6PD enzyme through
pentose phosphate pathway [55]. In the present study, it is demon-
strated that the activity of G6PD is decreased during phosphine in-
toxication in liver. Surprisingly, resveratrol co-administration increased
the activity of G6PD.

Altogether, phosphine increases oxidative stress in liver tissues
through multiple mechanisms and this elevation is reversed by resver-
atrol via its direct and in-direct anti-oxidant mechanisms.

Inflammation is a biological procedure in response to harmful sti-
mulations and is demonstrated via various alteration including up-
regulation of pro-inflammatory agents, down-regulation of anti-in-
flammatory agents, leukocyte chemotaxis and local or systemic reg-
ulation of leukocyte reactions [56–58]. The results of the present study
demonstrated phosphine induced elevation of inflammation markers
and resveratrol decreases these markers.

In this content, resveratrol possibly exerts its anti-inflammatory
property through its modulatory effects on inflammation pathway
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agents and its anti-oxidant free radicals.
In normal condition, NF-kappaB's nucleus translocation is prevented

through binding to inhibitory proteins of kB family (IkappaB) [59].
Also, it is well known that ROS induce phosphorylation of IkappaB B
and NF-kappaB via IkappaB kinase (IKK) complex activation. IkappaB is
dormant. Due to phosphorylation by IKK, and is then degenerated, so
NF-kappaB is sequestered from IkappaB B and is liberates in the cell
cytoplasm. The phosphorylated NF-kappaB is translocated to the nu-
cleus and then binds to the promoter regions of genes that encode
several inflammatory mediators. As demonstrated in the present study
phosphorylated IkappaB and NF-kappaB is elevated in the liver of an-
imals' exposed to phosphine. Resveratrol reduced IkappaB and NF-

kappaB phosphorylation. The possible mechanism is through the anti-
oxidative property of resveratrol [60]. Another possible mechanism
might be in the inhibition of the IKK complex activation by resveratrol
[61]. This result is in agreement with the previous study which reported
that resveratrol reduces NF-kappaB activation [62]. In this experiment,
we analyzed the expression of TNF-α, IL-1β, IL-6, and ICAM-1 by real-
time PCR and noticed that the expression of these inflammatory mar-
kers increased several folds after exposures to phosphine compared to
control groups. These elevations have been reduced dose decently by
resveratrol.

ICAM-1 is a cell adhesion molecule and a surface protein which has
critical implications in the recruitment and infiltration of leucocytes

Fig. 5. Analysis of the cell viability with annexin-V/PI staining using by flow cytometry (A). The control group received coconut oil; REZ80 group received
resveratrol (80mg/kg); AlP group received AlP (12mg/kg); AlP+REZ20 group received AlP+ resveratrol (20mg/kg); AlP+REZ40 group received
AlP+ resveratrol (40mg/kg). AlP+REZ80 group received AlP+ resveratrol (80mg/kg). Data are mean ± SEM of six animals in each group (B). *P < 0.05
compared to control group, **P < 0.01 compared to control group, ***P < 0.001 compared to control group, #P < 0.05 compared to AlP group, ##P < 0.01
compared to AlP group, ###P < 0.01 compared to AlP group.
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including neutrophils to injured tissues [63]. As demonstrated in this
study, the expression of ICAM-1 was elevated during exposure to
phosphine. Also, MPO enzyme which is mostly available in neutrophils
azurophilic granules is an infiltration marker of neutrophils to damaged
sites and induces conversion of H2O2 to H2O and using chloride anion
(Cl−) to produce hypochlorous acid (HOCl). HOCl is also capable of
interacting with macromolecules, increasing oxidative stress and cata-
lytic consumption of nitric oxide [64,65]. The results of the current
study demonstrated that phosphine increased MPO activity through
increasing migration and activation of neutrophils to injured place. The
results of the present study demonstrated that resveratrol reduced
ICAM-1 expression and MPO level in hepatic tissue. These results are in
agreement with other researches which claimed that resveratrol re-
duced ICAM-1 expression and MPO activity [66,67].

Apoptosis is a highly regulated cell death which has a critical role in
homeostasis and cell survival [68]. Physiologically, this orchestrated
cellular process is necessary for organ and tissue shaping and also
controlling cell numbers. In the other hand, irregularity in this process

could lead to tissue disorders [69,70]. It is demonstrated that phosphine
increased apoptosis in hepatocytes which resveratrol reduced apoptosis
through its cytoprotective effects. This results in line with other studies
which is demonstrated phosphine induced apoptosis in several organs
[7,71]. Also, it is demonstrated that resveratrol reduced apoptosis in
several disorders. The mechanism can be through its anti-oxidant, anti-
apoptosis and its capability to reduce mitochondrial malfunction
[72–74].

Altogether, according to aforementioned results of the present study
it is suggested that ROS/NF-kappaB signalling pathway is a key role for
hepatic injury induced by phosphine poisoning, and resveratrol with its
pleiotropic effect can be a treatment.

Furthermore, it is reported that ROS/NF-kappaB pathway is in-
volved in hepatic injury [75]. The results of present and previous stu-
dies indicated that oxidative stress was elevated in phosphine-induced
hepatic injury [76]. Also, it is reported that phosphine is involved in
hepatic injury through elevation of inflammation [76,77]. Furthermore,
it is demonstrated that resveratrol reduced oxidative stress,

Fig. 6. Histopathological study (A) (stained with H & E, magnifications ×200 and ×800) in rats 24 h after the treatments. The bold dark arrow shows necrosis, the
narrow dark arrow shows inflammation cells, the bold white arrow shows vacuolization, the bold red arrow shows congestion. Interpretation of the histological
according to Suzike's score (B). Data are mean ± SEM of six animals in each group. *P < 0.05 compared to control group, **P < 0.01 compared to control group,
***P < 0.001 compared to control group, #P < 0.05 compared to AlP group, ##P < 0.01 compared to AlP group, ###P < 0.01 compared to AlP group. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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inflammation markers and apoptosis in hepatic injury [73,78,79].
In the present study, treatment with resveratrol blocked oxidative

stress markers, declined NF-kappaB activation and inflammatory cyto-
kines expressions such as TNF-α, IL-1β, IL-6, and ICAM-1. It also re-
duces apoptosis compared to cells that were only exposed to phosphine.
Considering all these, it can be implied that phosphine induced hepatic
toxicity via the ROS/NF-kappaB pathway. Also, this study underlines
this fact that modulation of ROS/NF-kappaB signalling pathway could
be the main mechanism of resveratrol protection role.

5. Conclusion

AlP-intoxication is an intricate and multi-faceted condition. Despite
the previous studies that have been carried out for clarification of cell
damages' mechanisms, more elucidation is needed. As concluded in this
study, the activation of ROS/NF-kappaB pathway has an important role
in hepatic injury induced by phosphine. Also, it is showed that phos-
phine induces oxidative stress, inflammation, apoptosis, phosphoryla-
tion of IkappaB and activation of NF-kappaB. Taken together, present
study indicates that resveratrol might reduce hepatic injury induced by
phosphine through mitigating oxidative stress, inflammation, and
apoptosis. Also, we concluded that this protection property of resver-
atrol can be mediated by modifying the activation of ROS/NF-kappaB
signalling pathway.
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