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Modulatory effect of Persea Americana 
oil against diethylnitrosamine-induced 
hepatotoxicity in rats: a proposed mechanism
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Abstract 

Background: The purpose of this study was to investigate the effectiveness of Persea Americana (avocado) oil 
against diethylnitrosamine (DEN)‑induced hepatotoxicity in rats.

Methods: For the induction of hepatotoxicity, DEN was administrated orally in a dose of 20 mg/kg B.wt for 6 succes‑
sive weeks, and then the animals were gavaged with Persea Americana oil in a dose of 4 mL/kg b.wt. daily for another 
6 weeks. Serum caspase‑3 activity and poly (ADP‑ribose) polymerase‑1 (PARP‑1) levels were estimated; in addition to 
gene expressions for NADPH oxidase, inducible nitric oxide synthase (iNOS), Bcl‑2, and Bax were detected.

Results: The DEN‑intoxicated group exhibited a remarkable increase in NADPH oxidase and iNOS expression com‑
bined with over‑activation of PARP‑1 and increased antiapoptotic Bcl‑2 gene expression, whereas the expression of 
apoptotic biomarkers significantly decreased. On the other hand, treatment with Persea Americana oil significantly 
suppressed the elevated levels of hepatic enzymes and improved histopathological alterations in the liver. Further‑
more, these groups displayed marked downregulation in NADPH oxidase and iNOS expressions. Persea Americana 
oil suppressed the expression of the antiapoptotic Bcl‑2, activated the intrinsic mitochondrial apoptosis pathway 
through upregulation of pro‑apoptotic Bax, and induced an obvious increase in caspase‑3 activity. Moreover, Persea 
Americana oil administration markedly inhibited the activity of PARP‑1.

Conclusions: This study indicated the promising potential of Persea Americana oil against DEN‑induced hepatic 
injury through its anti‑oxidative activity and pro‑apoptotic effect via caspase activation and PARP‑1 inhibition.
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Background
Diethylnitrosamine (DEN, N-Nitrosodiethylamine) is a 
potent hepatotoxicant and hepatocarcinogen. It causes a 
variety of hepatocellular injuries such as necrosis, DNA 
damage, cirrhosis, hypertrophy, and hepatic carcinoma 
(Katayama et al. 2003). N-nitroso compounds are consid-
ered a disaster health risk to man, these compounds were 
found in cheddar cheese, fried and cured food, tobacco 

products, also they are generated in stomach acidic con-
ditions from nitrite precursors and amines found in addi-
tives or food constituents, pharmaceutical drugs, and 
agricultural chemical residues (Mittal et al. 2006; Janani 
et  al. 2010). It was proposed that DEN yields the pro-
mutagenic adducts, O6-ethyl deoxyguanosine, and O4 
and O6-ethyl deoxythymidine after its metabolic activa-
tion, leading to the induction of genetically altered hepat-
ocytes during initiation (Vasquez-Garzon et  al. 2013). 
This procedure of bio-activation is a key step in initiat-
ing carcinogenesis by subsequent oxidative stress and cell 
damage (Jayakumar et al. 2012).
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Poly (ADP-ribose) polymerase-1 (PARP-1), the PARP 
family’s most abundant isoform, is a 116-kDa nuclear 
enzyme involved in numerous significant biological 
processes, such as DNA damage repair, replication, cell 
proliferation control, and apoptosis. PARP-1 is recog-
nized to be incorporated into the process of restoring 
DNA damage by the cellular response. After PARP-1 
identifies DNA damage, it is automatically altered and 
recruits repair factors to the sites of DNA damage. 
Nevertheless, cells with significantly damaged DNA 
have intensified the activity of PARP-1 causing high 
consumption of NAD+ and depleted pools of ATP. If 
unchecked, this activity triggers cellular necrosis due 
to cellular energetic collapse. This process is blocked 
by prompt cleavage and PARP-1 inactivation by cas-
pase action. However, insults that initiate necrosis 
cause PARP-1 over-activation that proceeds unchecked 
due to inadequate caspase activation (Chaitanya et al. 
2010), Furthermore, PARP inhibition has recently been 
shown to improve mitochondrial function, and this 
implicates the pathogenic role of PARP-1 in metabo-
lism, fibrosis, and liver inflammation, and designates 
the possible therapeutic uses of PARP-1 inhibitors 
for inflammatory liver diseases (Mukhopadhyay et  al. 
2014).

Persea Americana, commonly known as avocado, 
is a widely consumed fruit that has been reported to 
exhibit medicinal effects on many diseases, includ-
ing liver, skin, arthritis, obesity, and cancer, due to its 
high content of phytochemicals with potential chemo-
preventive activity. The protein content in Avocado is 
higher than in any other fruit by one to twofold. It has 
a higher phosphorous, iron, potassium, and manga-
nese content, whereas it contains low sodium content. 
It is full of nutrients such as vitamins C, E, riboflavin, 
thiamin, folate, and carotene in addition to nicotinic 
acid (Dreher et al. 2013). It is an exceptional source of 
monounsaturated fat and is an important source of the 
necessary linoleic acid (Wong et  al. 2010). It contains 
numerous essential polysaccharides, including pectin 
and hemicelluloses (soluble fiber) and lignin and cel-
lulose (insoluble fiber) (Dreher et  al. 2013). Studies 
in animal models and humans have shown that it aids 
in weight management, decreases diabetes risk, nor-
malizes levels of blood cholesterol, and is involved in 
hepatic metabolism (Octavio et al. 2014). In this inves-
tigation, we evaluated the efficacy of Persea Americana 
(PA) oil against DEN-induced hepatotoxicity in rats. 
Regarding the relationship between oxidative stress, 
apoptosis, and PARP-1, we decided to investigate the 
possible modulation of designed processes by Persea 
Americana oil.

Methods
Chemicals
DEN was purchased from Sigma Chemicals Co. (St. 
Louis, MO, USA). Also used kits were the rat caspase-3 
ELISA kit was purchased from Biomatik (Ontario, 
Canada.), the rat PARP-1 ELISA kit purchased from 
MyBioSource (San Diego, California, USA), the TRI-
zol reagent from (Life Technologies, USA), the Reverse 
transcriptase supplied by (Invitrogen, CA, USA), the 
SYBR Green PCR Master Mix obtained from (Applied 
Biosystems, USA), and the used primers were pur-
chased from Invitrogen, CA, USA. All other chemical 
substances used were of a higher analytical category.

Persea Americana (PA) Oil: De La Cruz® Avocado Oil 
is non-GMO, expeller-pressed, and free of preserva-
tives, fragrances, or artificial colors. De La Cruz® is a 
Division of DLC Laboratories Inc. paramount, CA, 
USA. The oil was purchased from a local distributer in 
Cairo, Egypt.

Animals
Male Wister rats (weighing 110–120  g) were obtained 
from the Egyptian Holding Company for Biological 
Products and Vaccines; Cairo, Egypt. They were kept at 
the animal house at the National Center for Radiation 
Research and Technology. The animals were permitted 
to adapt for one week before the experiment was started. 
The animals were kept under standard laboratory con-
ditions of dark/light cycle (12/12  h), at a temperature 
of 25 ± 2  °C, and a humidity of 60 ± 5%. The rats were 
kept in cages with free access to food and drinking water 
ad  libitum. They received a standard laboratory (pellet) 
diet that was nutritionally adequate. The animals’ han-
dling procedures were based on the Animal Research 
Reporting of In Vivo Experiments (ARRIVE) guidelines, 
and the research was performed in compliance with the 
“Guide for the Care and Use of Laboratory Animals” 
prepared by the National Academy of Sciences and pub-
lished by the National Institutes of Health (NIH publica-
tions No, 8023, revised 1978).

Experimental design
Twenty-four rats were randomly divided into four main 
equal groups, six animals each, placed in individual 
cages and classified as follows:

Group (1): normal control group
Rats obtained regular saline, as normal control groups.

Group (2): DEN group
The animals were administered orally with DEN (dis-
solved in 0.9% normal saline), in a dose of 20  mg/kg 
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b.w. according to the method of Darwish and El-Bogh-
dady (2011), 5 days a week for 6 weeks.

Group (3): Persea Americana (PA) oil normal treated group
Rats were administrated with PA oil (4  mL/kg b.wt, 
orally) daily for 6  weeks according to the method of 
Ortiz-Avila et al. (2017).

Group (4): DEN + Persea Americana (PA) oil treated group
Rats were administrated with DEN (20  mg/Kg b.wt, 
orally) for 6 weeks of the experiment as in group 2, after 
the last dose of DEN rats were treated with PA oil (4 mL/
kg b.wt, orally) daily for another 6 weeks.

By the end of the experiment time, rats were deprived 
of diet overnight, anesthetized with diethyl ether, and 
sacrificed by cervical dislocation. The blood samples 
were withdrawn by intra-cardiac puncture and allowed to 
coagulate, then centrifuged for 15 min at 3000 rpm which 
were then stored at − 80 °C as aliquots for further analy-
sis. The abdomen was dissected to remove the liver, part 
of the liver then washed in ice-cold saline, plotted to dry 
for biochemical studies. The second part of the liver was 
dissected for histopathological examination.

Determination of liver function in serum
Serum alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), alkaline phosphatase (ALP), total 
protein, total and direct bilirubin were estimated using 
commercially available kits (Spinreact, Santa Coloma, 
Spain).

Determination of oxidative stress markers in liver tissue 
homogenate
The dissected livers were washed with saline, dried, and 
homogenized in ice-cold 0.1 M phosphate buffer (pH 7.4) 
to yield a 10% (w/v) homogenate using Teflon homoge-
nizer Glas-Col, Terre Haute, Ind., USA. The homogenate 
was centrifuged at 10,000 g for 15 min. Lipid peroxidative 
products were measured using the thiobarbituric acid 
test for malondialdehyde (MDA), as described by Yosh-
ioka et  al. (1979). The content of reduced glutathione 
(GSH) was estimated according to the Beutler et  al. 
(1963) method.

Determination of caspase‑3 in liver tissue homogenate
Determination of liver caspase-3 levels using a rat cas-
pase-3 enzyme-linked immunosorbent assay (ELISA) 
kit purchased from Biomatik, Ontario, Canada. The test 
principle applied in this kit is Sandwich enzyme immu-
noassay. In brief, 100 µL of standards or samples were 
added to a microtiter plate wells pre-coated with a bio-
tin-conjugated antibody specific to Caspase 3 (CASP3), 
incubated for 2 h at 37 °C, then aspirated. Next, 100 µL of 

Avidin conjugated to Horseradish Peroxidase (HRP) was 
added to each microplate well and incubated for 1  h at 
37 °C, then aspirated and washed 3 times. After the addi-
tion of 90 µL of TMB substrate solution and incubated for 
10–20 min at 37 °C, only those wells that contain Caspase 
3 (CASP3), biotin-conjugated antibody, and enzyme-con-
jugated Avidin will exhibit a color change. The enzyme–
substrate reaction is terminated by the addition of 50 µL 
sulfuric acid solution and the color change is measured 
spectrophotometrically at a wavelength of 450  nm. The 
concentration of Caspase 3 (CASP3) in the samples was 
then determined by comparing the O.D. of the samples to 
the standard curve.

Determination of poly (ADP‑ribose) polymerase‑1 (PARP‑1) 
in liver tissue homogenate
Liver Poly  (ADP-Ribose) Polymerase-1 (PARP-1) was 
estimated by an enzyme-linked immunosorbent assay 
(ELISA) using a rat PARP-1 ELISA kit purchased from 
MyBioSource (San Diego, California, USA) following the 
manufacturer’s instructions.

Detection of NADPH oxidase, iNOS, Bcl2, and Bax gene 
expressions by reverse transcription‑polymerase chain 
reaction (RT‑PCR) in liver tissue homogenate
RNA extraction and cDNA synthesis
To study gene expression of NADPH oxidase, inducible 
nitric oxide synthase (iNOS), B cell lymphoma-2 protein 
(Bcl-2), and Bcl-2 associated x-protein (Bax) in liver tis-
sue, total RNA was isolated from 50 mg liver tissue using 
TRIzol reagent (Life Technologies, USA) RNA content 
and purity were measured by a UV spectrophotometer. 
First-strand complementary DNA (cDNA) synthesis 
was performed using reverse transcriptase (Invitrogen). 
In brief, a template of 1 µg RNA was added to a 0.5 mg 
random primer, 5 × RT buffer, 2.5  mmol/L dNTP, 20 U 
RNase inhibitor, and 200 U MMLV reverse transcriptase 
in a total volume of 25 ml, the mixture was incubated at 
37 °C for 60 min, then heated to 95 °C for 5 min to inacti-
vate MMLV (Rashed et al. 2011).

Quantitative real‑time polymerase chain reaction (qPCR)
RT-PCRs were performed in a thermal cycler step one 
plus (Applied Biosystems, USA) using Sequence Detec-
tion Software (PE Biosystems, CA). Table  1 lists the 
primers used. The reaction mixture with a total volume 
of 25 µL consisted of 2X SYBR Green PCR Master Mix 
(Applied Biosystems), 900 nM of each primer, and 2 µL 
of cDNA. PCR thermal cycling conditions included 
an initial step at 95  °C for 5 min; 40 cycles at 95  °C for 
20 s, 60 °C for 30 s, and 72 °C for 20 s. Absolute expres-
sion of mRNA of iNOS and NADPH oxidase was esti-
mated according to Pfaffl (2001) using the comparative 
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Ct method. Calculations were performed by calculat-
ing the values of ∆ cycle threshold (∆Ct) by normalizing 
the average Ct value of each treatment compared to the 
endogenous control β-actin.

Histopathological study
Specimens from the liver of all examined groups were 
washed, dehydrated in ethyl alcohol ascending grades, 
washed with xylene, and embedded in paraffin wax. Sec-
tions were cut out into 5–6 μm in thickness and stained 
with Eosin and Hematoxylin (E & H) for examination 
under the light microscope (Banchroft et al. 1996) at an 
original magnification of _x400, Images were taken with a 
digital camera (Nikon, ECLIPSE, TS100, Japan).

Statistical analysis
The SPSS (version 20) was used for data analysis. One-
way analysis of variance (ANOVA) was used to analyze 
data, followed by a post hoc test (Bonferroni) for multiple 
comparisons. The data were presented as mean ± stand-
ard deviation (SD). Considering P values < 0.05 were sta-
tistically significant.

Results
Biochemical studies
To investigate the effect of Persea Americana (PA) oil on 
DEN-induced liver toxicity, serum biochemical analyses 

were performed to determine hepatic function. The 
activities of ALT, AST, ALP, and levels of total protein, 
total bilirubin, and direct bilirubin were measured in the 
serum of all animal groups. As shown in Table  2, DEN 
intoxication resulted in severe liver injury as manifested 
by a significant increase in serum activities of ALT, AST, 
and ALP, and total protein, total bilirubin, and direct bili-
rubin levels compared to control. The observed changes 
were improved by PA oil treatment after DEN adminis-
tration (group 4) compared to group 2.

Exposure to DEN resulted in a significant increase in 
the hepatic content of MDA, the index of high lipid per-
oxidation as an indicator of ROS production. Moreover, 
DEN exaggerated this deleterious effect by the marked 
attenuation in the antioxidant tissue levels. Indeed, the 
DEN exposed group recorded an obvious depletion in 
the level of GSH in comparison to the normal group. In 
contrary, PA oil treatment was able to correct this imbal-
ance respectively as compared to DEN group 2 (Fig. 1a, 
b). Administration of PA oil alone had a non-significant 
effect on oxidative stress indices as compared with nor-
mal rats.

The effects of PA oil treatment of DEN-treated rats 
on apoptotic biomarkers in liver tissue (Bcl-2, Bax, and 
caspase-3) are presented in Fig.  2A–C). In DEN-intoxi-
cated rats, there was a marked upregulation in Bcl-2 gene 
expression while the activity of caspase-3 was signifi-
cantly decreased concomitantly with a downregulation 
in the gene expression of Bax relative to standard control 
rats (p < 0.001). Interestingly, the administration of PA oil 
(post DEN exposure) abrogated the DEN-induced altera-
tions in apoptotic biomarkers in comparison with DEN-
treated rats.

The effects of PA oil on the iNOS and NADPH oxidase 
mRNA-induced folding changes in liver tissue are rep-
resented in Fig. 3. The mRNA expressions of iNOS and 
NADPH oxidase increased significantly in DEN-treated 
rats compared with normal control rats. However, treat-
ments with PA oil after the administration of DEN sig-
nificantly downregulated the mRNA expressions of iNOS 

Table 1 List of primers used in PCR

Gene Primer sequence

iNOS F:5ʹ‑CGA GGA GGC TGC CCT GCA GAC TGG ‑3ʹ
R:5’‑CTG GGA GGA GCT GAT GGA GTA GTA ‑3ʹ

NADPH oxidase F: 5’‑GGA AAT AGA AAG TTG ACT GGCCC ‑3ʹ
R: 5’‑GTA TGA GTG CCA TCC AGA GCAG‑3ʹ

Bax F: 5’GTT GCC CTC TTC TAC TTT G3ʹ
R: 5’AGC CAC CCT GGT CTTG3ʹ

Bcl2 F 5′ CGG GAG AAC AGG GTA TGA  3′
R 5′ CAG GCT GGA AGG AGA AGA T 3′

β‑actin F:5ʹCCA GGC TGG ATT GCA GTT 3ʹ
R:5ʹGAT CAC GAG GTC AGG AGA TG3ʹ

Table 2 Effect of PA oil and/or DEN on liver function test in normal rats

The data is presented as Mean ± S.D. (n = 6). In the same column, “Mean values” with dissimilar superscript letters are significantly different at (P ≤ 0.05)
a Significant to normal control group (P ≤ 0.05)
b Significant to DEN group (P ≤ 0.05)
c Significant to PA oil group (P ≤ 0.05)

ALT (U/L) AST (U/L) ALP (U/L) Total protein (gm/dl) Total bilirubin (mg/dl) Direct bilirubin (mg/dl)

Group 1 (normal control) 12.3 ± 1.97 16.3 ± 1.86 122.5 ± 4.09 5.69 ± 0.38 0.87 ± 0.03 0.24 ± 0.02

Group 2 (DEN) 59.2 ± 5.49ac 55.7 ± 13.4ac 280.7 ± 36.52ac 3. 61 ± 0.35ac 2.25 ± 0.45ac 0.79 ± 0.05ac

Group 3 (PA oil) 15.7 ± 1.86b 10.2 ± 1.47b 123.8 ± 4.7b 5.68 ± 0.36b 0.87 ± 0.04b 0.21 ± 0.03b

Group 4 (DEN + PA oil) 33.5 ± 3.45abc 24.8 ± 2.3bc 184.7 ± 4.76abc 4.3 ± 0.31abc 1.37 ± 0.27abc 0.55 ± 0.03abc
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and NADPH oxidase compared with the DEN-treated 
rats (Fig. 3a, b).

As the generation of ROS is responsible for liver 
inflammatory alterations, therefore we further exam-
ined PARP-1 in the liver tissue of all the groups. A sig-
nificant increase in liver PARP-1 levels was observed in 
DEN-treated rats when compared with the normal con-
trol group. Treatment with PA oil (post DEN exposure) 
exhibited a significant decrease in PARP-1 level when 
compared with the DEN-treated group (Fig. 4).

Histopathological observation
Histopathological examination of liver sections of con-
trol rats showed normal hepatic architecture (Fig. 5A). 

Also (Fig. 5C) shows liver sections of rats received PA 
oil showing normal structure, while the liver portal area 
of rats administrated with DEN showed inflammatory 
cell infiltration and severe congestion in the portal vein 
in association with fibrosis in between the degenerated 
dysplastic hepatocytes all over the hepatic parenchyma 
(Fig. 5B). Furthermore, the treatment of rats with PA oil 
throughout oral gavages after DEN administration till 
the end of the experiment improved the hepatocellular 
architecture with more regular and less altered hepato-
cytes when compared to the DEN-treated group. The 
liver showed multiple dilated blood vessels with moder-
ate leukocyte infiltration (Fig. 5D).
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Fig. 1 a, b Effect of PA oil on liver tissue MDA and GSH content in hepatotoxicity induced in rats. Values are expressed as mean ± SD (n = 6). 
a = Significant to normal control group (P ≤ 0.05), b = Significant to DEN group (P ≤ 0.05) c = Significant to PA oil group (P ≤ 0.05)

Fig.2 A–C Effect of PA oil on caspase levels in liver tissue and relative gene expression of BAX and BcL2 in rats subjected to induced hepatotoxicity. 
The values are expressed as mean ± SD (n = 6). a = Significant to normal control group (P ≤ 0.05), b = Significant to DEN group (P ≤ 0.05) 
c = Significant to PA oil group (P ≤ 0.05)
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Discussion
In this study, the treatment with PA oil to DEN-intoxi-
cated rats significantly reduced the abnormalities in 
liver histology and caused a remarkable reduction in 
the elevated serum markers of liver damage, including 
serum ALT, AST, ALP, total and direct bilirubin, with 
the restoration of the reduction in serum total protein to 
an approximate normal level. Also, PA oil notably ame-
liorated the state of oxidative stress as evidenced by a 
significant reduction in malondialdehyde levels associ-
ated with a substantial rise in the content of reduced glu-
tathione. Additionally, PA oil alleviated the elevation of 

iNOS, NADPH oxidase gene expression, and PARP over-
activation. Moreover, PA oil mitigated the reduction in 
caspase-3 gene activity in liver tissue. Further, PA oil ele-
vated gene expression of suppressed pro-apoptotic Bax 
upon DEN intoxication and downregulated gene expres-
sion of antiapoptotic Bcl-2, thus increasing the Bax/bcl-2 
ratio in favor of apoptosis rather than necrosis. Collec-
tively, the DEN treatment could be responsible for all the 
phenomena of liver damage ascribed in the present work. 
Also, PA oil seemed to have considerable antioxidant and 
anti-inflammatory effects. Furthermore, it could enhance 
certain apoptotic pathways.

Elevations of the liver enzyme markers, including AST 
and ALTactivities, may indicate the existence of pre-
dominant hepatocellular disorders, whereas elevations 
of ALP activity may implicate predominant cholestatic 
diseases. In the present study, an observed enhancement 
in the level of hepatic serum enzymes indicates hepa-
tocellular destruction with liver enzyme leakage after 
DEN administration. Similar results were obtained by 
(Zhao et al. 2015) who stated that DEN-intoxicated mice 
reported elevated levels of hepatic enzymes (ALT and 
AST). Hepatic secretory capacity could be evaluated by 
estimation of serum protein and bilirubin, the increment 
in bilirubin demonstrates hepatobiliary illnesses and 
inflammation of liver function (Pal et al. 2014), which was 
demonstrated in the current study. Similar findings were 
shown by (Carvajal-Zarrabal et  al. 2014) who reported 
elevated levels of hepatic enzymes as well as increased 
serum levels of ALP and total bilirubin accompanied with 
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Fig. 3 a Effect of PA oil on liver tissue iNOS gene expression activities in rats subjected to induced hepatotoxicity. The values are expressed as 
mean ± SD (n = 6). a = Significant to normal control group (P ≤ 0.05), b = Significant to DEN group (P ≤ 0.05) c = Significant to PA oil group (P ≤ 0.05). 
b Effect of PA oil on liver tissue NADPH oxidase gene expression activities in rats subjected to induced hepatotoxicity. The values are expressed as 
mean ± SD (n = 6). a = Significant to normal control group (P ≤ 0.05), b = Significant to DEN group (P ≤ 0.05) c = Significant to PA oil group (P ≤ 0.05)

Fig. 4 Effect of PA oil on liver tissue PARP‑1 concentration in rats 
subjected to induced hepatotoxicity. The values are expressed as 
mean ± SD (n = 6). a = Significant to normal control group (P ≤ 0.05), 
b = Significant to DEN group (P ≤ 0.05) c = Significant to PA oil group 
(P ≤ 0.05)
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decreased total protein and albumin in metabolically 
stressed rats.

Current results demonstrate that PA oil treatment 
following DEN-induced hepatotoxicity in rats exhib-
ited a significant decrease in serum ALT, AST, and ALP 
when compared with the DEN group, indicating effec-
tive recovery of hepatic function may be mediated by an 
improvement in lipid metabolism or by delaying the onset 
of the hepatic disease. Consistent with the present data, 
Mahmoed and Rezq (2013) reported diminished hepatic 
enzymes ALT, AST, and ALP also reduced mortality fol-
lowing administration of PA oil due to inhibition of hepa-
tocellular apoptosis in septic mice. Consequently, PA oil 
enhanced hepatic functions and revealed antioxidant 
activity. Parallel effects have been described by Carvajal-
Zarrabal et  al. (2014) who found reduced liver enzymes 
after avocado oil administration, which was attributed 
to the high percentage of unsaturated fatty acids and the 
low percentage of saturated fatty acids documented in 
avocado oil. The present findings revealed an agreement 
with results stated by (Oyeyemi and Oyeyemi 2015) who 
reported a substantial reduction in the ALT, AST, and 
ALP activities in the plasma and liver of the rats. Also, PA 
oil treatments in group 4 showed a substantial reduction 

in serum total and direct bilirubin relative to group 2, 
which could be attributed to the antioxidant capacity of 
the avocado oil which countered the deleterious effects of 
DEN on serum bilirubin (Attia and Nasr 2009).

The impaired hepatic functions may be attributed to 
the oxidative tissue damage caused by over-production 
of ROS and disruption of protective physiological mol-
ecules (as antioxidant protection mechanisms) leading 
to lipid peroxidation, a process that causes destruction 
of the macromolecules in membranes (Li et  al. 2015) 
which play an essential role in hepatic injury pathogen-
esis in response to DEN administration. In this study, 
DEN administration resulted in a significant decrease 
in GSH levels with a significant increase in MDA. Man-
sour et al. (2019) reported that DEN metabolism induces 
the production of lipid peroxidation products due to the 
generation of abundant ROS. Further, PA oil treatment 
enhanced GSH levels in the intoxicated group owing to 
its ability to decrease ROS levels and lipid peroxidation. 
Ortiz-Avila et al. (2017) reported that avocado oil boosts 
the GSH/GSSG ratio and counteracts a persistent rise in 
ROS levels and intensified lipid peroxidation in diabetic 
rats, and protected mitochondrial membranes. Its anti-
oxidant capacity may be also related to its constituents 

Fig. 5 A micrograph of the liver section by Light microscopy shows: A Control group; A normal hepatic architecture), normal hepatic lobules and 
hepatocytes B DEN‑treated group; liver section of a rat intoxicated with DEN, showing congested portal vein, different degenerative changes, and 
necrosis of hepatic tissues around center vein (H.E. X400). C PA oil group; A liver section of a rat receiving PA oil demonstrates normal structure 
(H&E × 400) D DEN + PA oil: A liver section of a rat intoxicated with DEN for 6 weeks, then treated with PA oil for another 6 weeks, shows multiple 
dilated blood vessels with moderate leukocyte infiltration (H&E × 400)
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of fatty acids since monounsaturated fatty acids, such as 
oleic acid, which comprises ~ 60% of the fatty acids pre-
sent in the oil, are less susceptible to damage by ROS than 
polyunsaturated fatty acids (Wong et al. 2010). It is also 
conceivable that several antioxidant compounds in avo-
cado, such as chlorophyll, tocopherols, carotenoids, and 
vitamins, exist in the oil and that all of these components 
may account for the detected effect. (Bhuyan et al. 2019).

In the present study, the administration of DEN to rats 
resulted in a significant increase of iNOS and NADPH 
oxidases gene expression compared with the control 
group, which is an integral player in oxidative/nitrosa-
tive stress in the systemic inflammatory response and is 
a typical feature of the inflammation process. This result 
is in agreement with Moreira et al. (2015) who reported 
that iNOS expression increased in a multistage model 
of liver carcinogenesis induced by DEN in rats. Also, in 
agreement with the findings of Unsal and Kurutaş (2017) 
the cytotoxicity and carcinogenicity of the DEN admin-
istration were attributed to its ability to induce oxidative 
stress and toxicity. DEN intoxication triggers activation 
of iNOS, which induces endogenous NO production 
which triggers liver damage and inflammation. The del-
eterious effects of NO may be ascribed to its nonenzy-
matic reaction with superoxide anion  (O2

−), which yields 
the reactive nitrogen species peroxynitrite  (ONOO−). 
 ONOO− can react with amino acids and cause protein 
oxidation. Additionally,  ONOO− can oxidize nuclear 
DNA and cause nitration of tyrosine and other aromatic 
amino acids to generate 3-NT, a biomarker of oxida-
tive damage and inflammation inflicted by NO-derived 
 ONOO− (Bishayee et al. 2010).

On the other hand, PA oil ameliorated the effect of 
DEN through downregulation of iNOS expression, 
which may substantially modulate the oxidative-induced 
inflammatory responses in liver tissue. Kim et al. (2000a) 
reported that avocado oil caused inhibition of inducible 
NO synthetase (iNOS), which is an inducible enzyme 
involved in inflammatory tissues and demonstrated to 
overexpress in laboratory cancer cell lines and in  vivo 
tumors. Bishayee et al. (2010) and Kim et al. (2000b) have 
demonstrated the protective effect of an avocado constit-
uent (persenon A, B) via different proposed mechanisms, 
such as the inhibition of nitric oxide generation is at least 
partially due to attenuation of iNOS protein expression 
and suppression of other inflammatory products, thus it 
may be a possible agent to prevent inflammation-associ-
ated diseases, including cancer.

Apoptosis is frequently related to a well-ordered 
sequence of cellular actions, which results in intracellu-
lar signaling pathway modification. To elucidate the pos-
sible proapoptotic effect of PA oil, we performed several 

analyses on the apoptotic pathway. PARP and caspase-3 
status have been assessed as final apoptosis markers.

Regarding the apoptotic biomarkers, we estimated the 
execution caspase-3 activity, expression of proteins in the 
Bcl-2 family, which can be classified into two categories, 
the pro-apoptotic Bax and Bcl-2, which is an antiapop-
totic protein. These proteins are associated with mito-
chondrial apoptotic pathway control. The obtained data 
revealed that there was a significant decrease in cas-
pase-3 activity, downregulation of Bax gene expression 
accompanied by significantly elevated gene expression of 
Bcl2 in DEN-induced liver damage in rats relative to the 
control group. This is consistent with Soha et  al. (2018) 
and Su et al. (2019).

We found that upon treatment with PA oil, it induced 
caspase-3 activity, expanded gene expression of Bax, 
and suppressed gene expression of Bcl-2, suggesting 
that these proteins were aggravated by PA oil and were 
involved in the apoptosis of damaged hepatocytes in 
DEN-intoxicated rats. Additionally, the Bax/Bcl-2 ratio 
was higher in PA oil supplemented groups compared to 
DEN-treated animals. The present findings might con-
sistently approve the previous findings of Vivian et  al. 
(2013) who investigated the effect of Tetrandrine on the 
caspase pathway. Indeed, Raina et al. (2020) reviewed dif-
ferent examined flavonoids demonstrating their effects 
against oxidative stress and apoptosis that downregulated 
Bcl-2 expression and upregulated Bax expression, hence 
increasing the Bax/Bcl-2 ratio, thus evoking apoptosis.

In this study, we observed activation of PARP-1 expres-
sion in DEN-treated rats compared with normal control. 
Pathological over-activation of PARP in DEN-treated 
animals may be due to reactive oxygen and nitrogen spe-
cies formation, mediated by iNOS and NADPH oxidases, 
which promote cell death and stimulate pro-inflam-
matory mediator production. This is consistent with 
the studies of Pacher and Szabó (2005), and Varga et al. 
(2015).

On the other hand, PARP-1 overexpression was sig-
nificantly inhibited by treatment with PA oil, which due 
to its antioxidant capacity activated caspase to utilize 
PARP as its substrate and induced cleavage of PARP-1, 
suggesting that this is also a caspase-dependent pathway 
involved in the mechanism of PA oil-induced apoptosis. 
This result came in agreement with Moreira et al. (2015) 
who detected a decline in the expression of cleaved PARP 
in DEN-intoxicated animals which was significantly 
increased by treatment with melatonin. In the same 
context, Mukhopadhyay et  al. (2014) demonstrated that 
PARP inhibitors facilitate the recovery of mitochondrial 
and various metabolic functions and facilitate the recov-
ery of the liver after established liver fibrosis.
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Conclusions
It can be concluded that PA oil administered during 
inflammation or progression of hepatic disease acts as an 
antioxidant and inflammatory agent via downregulation 
of iNOS, NADPH oxidase gene expression, and PARP 
activity. Furthermore, it could induce upregulation of 
apoptotic markers to facilitate the recovery of the liver 
after established liver fibrosis and consequently prevent 
DEN-induced hepatotoxicity. However, further studies 
are required to determine the involvement of other sign-
aling pathways influenced by PA oil treatment which can 
elucidate and potentiate the protective therapeutic appli-
cations of PA oil in hepatic injury treatment.
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