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Abstract
AIM: To evaluate the protective effect of diallyl sulfide 
(DAS) against N -nitrosodiethylamine (NDEA)-induced 
liver carcinogenesis. 
METHODS: Male Wistar rats received either NDEA or 
NDEA together with DAS as protection. Liver energy 
metabolism was assessed in terms of lactate, pyruvate, 
lactate/pyruvate, ATP levels, lactate dehydrogenase 
(LDH) and glucose-6-phosphate dehydrogenase (G6PD) 
activities. In addition, membrane disintegration of the 
liver cells was evaluated by measuring lipid-peroxidation 
products, measured as malondialdehyde (MDA); nitric 
oxide (NO) levels; glucose-6-phosphatase (G6Pase), 
catalase (CAT) and superoxide dismutase (SOD) 
activities. Liver DNA level, glutathione-S-transferase (GST) 
and cytochrome c oxidase activities were used as DNA 
fragmentation indices. Aldose reductase (AR) activity 
was measured as an index for cancer cells resistant to 
chemotherapy and histopathological examination was 
performed on liver sections from different groups. 
RESULTS: NDEA significantly disturbed liver functions 
and most of the aforementioned indices. Treatment 
with DAS significantly restored liver functions and 
hepatocellular integrity; improved parameters of 
energy metabolism and suppressed free-radical 
generation. 
CONCLUSION: We provide evidence that DAS 
exerts a protective role on liver functions and tissue 
integrity in face of enhanced tumorigenesis caused by 
NDEA, as well as improving cancer-cell sensitivity to 
chemotherapy. This is mediated through combating 
oxidative stress of free radicals, improving the energy 

metabolic state of the cell, and enhancing the activity 
of G6Pase, GST and AR enzymes.
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INTRODUCTION
Primary liver cancer has been classified as the fifth most 
common cause of  cancer and the fourth most common 
cause of  cancer mortality in the world. One of  the main 
pathological subtypes of  liver cancer is hepatocellular 
carcinoma, which constitutes a major contributor to 
cancer incidence and mortality[1]. The population of  
Egypt has a heavy burden of  liver disease, mostly due 
to chronic infection with hepatitis C virus. Since the 
liver offers a very important site for detoxification 
of  xenobiotics, the use of  synthetic chemoprotective 
agents offers potential risk factors[2,3]. Several reports 
have stressed the importance of  many dietary habits in 
modifying the initiation, promotion and progression 
stages in carcinogenesis[4]. Garlic (Allium sativum), an 
important flavoring agent, exhibits medicinal properties 
that include immunomodulatory, hepatoprotective, 
antioxidant, antimutagenic, and anticarcinogenic 
effects[5,6]. The anticarcinogenic property of  garlic 
has been documented from both epidemiological 
and experimental studies which suggests that the 
consumption of  garlic can decrease the incidence of  
several cancers[2,7,8]. The ability of  garlic to reduce the 
incidence of  cancer has been attributed to its content 
of  organosulfur compounds which reportedly suppress 
carcinogen-induced tumors in various organs of  
animals including the colorectum, breast and liver[9-11]. 
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A major constituent of  garlic, diallyl sulfide (DAS), 
has been shown to inhibit chemical toxicity and 
tumorigenesis in several animal models[12]. Nonetheless, 
the possibility that DAS may exert a protective role 
against N-nitrosodiethylamine (NDEA)-induced liver 
tumorigenesis cannot be ruled out. In this study, we 
investigated the cellular and molecular mechanisms 
of  the protective effects of  DAS against liver damage 
induced by NDEA, a potent inducer of  liver cancer. We 
determined the histopathological effect of  DAS on liver 
tissue, as well as on enzymatic and non-enzymatic liver 
functions. In addition, we investigated the possibility 
that DAS might act on maintaining liver tissue functions, 
which were assessed by investigating energy metabolism, 
membrane disintegration and DNA integrity indices.

MATERIALS AND METHODS
Animals
We used a total of  36 male albino rats of  the Wistar 
strain, weighing 170-200 g, that were obtained from the 
central animal facility at the Faculty of  Pharmacy, Cairo 
University, Cairo, Egypt. All rats were housed in a room 
with a controlled environment, at a constant temperature 
of  23 ± 1℃, humidity of  60% ± 10%, and a 12 h light/
dark cycle. The animals were housed in groups and 
kept at constant nutritional conditions throughout the 
experimental period. The experimental protocols were 
approved by the Ethical Committee of  Cairo University.

Drugs and chemicals
NDEA, DAS, enzymes and coenzymes were obtained 
from Sigma Chemical Co. (St. Louis, MO, USA). Other 
chemicals were of  Analar grade. NDEA was prepared 
as 8 mg/mL saline, whereas DAS was prepared as  
80 mg/mL corn oil. 

Induction of liver cancer
Each rat received an oral dose of  20 mg/kg per day 
NDEA for 5 d per week for 9 wk, followed by 10 mg/kg 
per day for 5 d per week for another 6 wk.

Protocols and experimental groups
Animals were divided into three groups: Group Ⅰ was 
the NDEA-induced cancer group, and Group Ⅱ was 
the DAS-treated group. Cancer was induced in this 
group by the same protocol. In addition, DAS was co-
administered at a daily oral dose of  200 mg/kg per day 
for 5 d per week for the total period of  the experiment 
(i.e. 15 wk). Group Ⅲ consisted of  normal rats that 
received an oral dose of  vehicles (saline, corn oil) for the 
total period of  the experiment.

Biochemical estimations
Blood analysis: At the end of  the experimental 
period, all animals were killed by cervical dislocation. 
The separated plasma was analyzed for total protein[13] 
and albumin[14]. The separated serum was analyzed for 
aspartate aminotransferase (AST), using a kit provided 
by Bicon, Germany [15]; alkaline phosphatase (ALP) 

using a kit provided by Biolabo, France[16,17], and gamma 
glutamyltransferase (GGT) using a kinetic photometric 
method[18].

Tissue analysis: The liver was removed, rinsed with ice-
cold saline and blotted dry. Accurately weighed pieces of  
liver tissue were treated differently for the separation and 
estimation of  the studied parameters.

Measurement of  liver malondialdehyde (MDA) 
content: A 10% homogenate was prepared in 1.15% 
KCl, centrifuged at 1000 × g at 4℃ for 20 min, and the 
resultant supernatant was used for the assay of  liver 
MDA content[19].

Measurement of  l iver cytochrome c oxidase 
activity and nitric oxide (NO) content: Liver tissue 
was homogenized in Tris-sucrose buffer, pH 7.4 (5% 
homogenate), using Potter-Elvejhem glass homogenizer, 
and centrifuged at 2000 × g at 4℃ for 10 min. The 
resultant supernatant was used for the estimation of  
cytochrome c oxidase activity[20] and NO content[21].

Measurement of  liver glutathione-S-transferase 
(GST), lactate dehydrogenase (LDH), glucose-
6-phosphate dehydrogenase (G6PD), superoxide 
dismutase (SOD) and catalase (CAT) activities: 
A 10% homogenate was obtained in Tris-sucrose 
buffer, pH 7.4 , and centr i fuged at 105 000 × g  
at 4℃ for 30 min, using a Dupont Sorvall Ultracentrifuge 
(USA), to isolate the cytosolic fraction which was used 
for the assay of  GST[22], SOD[23], LDH[24], G6PD[25] and 
CAT[26] activities.

Estimation of  liver pyruvate and lactate concen-
trations: Liver tissue was homogenized in 5% meta-
phosphoric acid, and centrifuged at 3000 × g at 4℃ for 15 
min. The resultant supernatant was used for the estimation 
of  pyruvate and lactate concentrations according to the 
method of  Mohun and Cook[27] and David[28], respectively.

Estimation of  liver ATP content: Liver tissue was 
homogenized with 3 mL ice-cold 3 mol/L perchloric 
acid, using Potter-Elvejhem glass homogenizer. Following 
that, 12.5 mL of  1 mmol/L EDTA was added and the 
mixture was centrifuged at 1000 × g at 4℃ for 1 h. The 
supernatant was further treated for the estimation of  
ATP[29].

Determination of  liver glucose-6-phosphatase 
(G6Pase) activity: Liver tissue was homogenized 
in ice-cold solution containing 0.15mol/L KCl;  
4 mmol/L MgSO4; 4 mmol/L EDTA and 4 mmol/L 
N-acetylcysteine, pH 7, and centrifuged at 12 000 × g at 4℃ 
for 10 min. The resultant supernatant was analyzed for 
G6Pase activity[30].

Estimation of  liver DNA content: Liver tissue was 
homogenized in 0.25 mol/L sucrose/in TKM buffer 
(0.05 mol/L Tris-HCl, 0.025 mol/L KCl, 0.005 mol/L 
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MgCl2), pH 7.5, to prepare a 15% homogenate. Then  
0.1 mL of  0.3 mol/L perchloric acid was added, left 
to stand at 0℃ for 15 min, centrifuged at 2000 × g at 
4℃ for 10 min, and the precipitate was used for the 
estimation of  DNA content[31].

Determination of  liver aldose reductase (AR) activity: 
Liver tissue was homogenized in potassium phosphate 
buffer, pH 7 (20% homogenate), centrifuged at 105 000 
× g for 45 min at 4℃, and the resultant supernatant was 
used for the estimation of  AR activity[32].

Determination of  protein concentrations: Protein 
concentrations of  the above supernatants were estimated 
by the method of  Lowry et al[33].

Histopathological examination
The portions of  liver tissue embedded in paraffin were 
sectioned at 5 μm. Following sectioning, liver tissue was 
stained with hematoxylin and eosin. Light microscopy 
was used to evaluate the pathological changes in liver 
tissue.

Statistical analysis
The values were expressed as mean ± SE. Statistical 
analysis was performed by one way analysis of  variance 
(ANOVA) followed by Kruskal-Wallis comparison test. P 
≤ 0.05 was considered significant.

RESULTS
The results showed that there were no differences 
between the various control groups (vehicle-treated 
groups). Thus, the data from all of  the control animals 
were po-oled and are shown as one normal group.

Effect of NDEA in absence or presence of DAS on non-
enzymatic liver functions
NDEA significantly decreased total protein, albumin, 
and A/G ratio. Co-administration of  DAS restored total 

protein, albumin and A/G ratio (Figure 1). Moreover, 
NDEA significantly increased total bilirubin (2.43 ± 
0.151 mg/dL), compared to their control counterparts 
(1.19 ± 0.090 mg/dL). DAS significantly decreased 
total bilirubin (1.68 ± 0.078 mg/dL, P = 0.045) when 
compared to the NDEA-treated group value.

Effect of NDEA in absence or presence of DAS on 
enzymatic liver functions
NDEA significantly elevated serum AST, ALP and 
GGT activities when compared to the normal group. 
DAS co-administration restored serum AST and GGT 
activities, together with a significant decrease in ALP 
activity, compared to the NDEA group value (P = 0.048) 
(Figure 2).

Changes in liver energy metabolism indices following 
NDEA in absence or presence of DAS
Table 1 showed that NDEA significantly decreased 
ATP level and increased G6PD activity compared to 
normal group values (P = 0.046). Treatment with DAS 
resulted in a significant increase in ATP level compared 
to the NDEA-treated group value. In addition, DAS 
significantly elevated and reduced pyruvate and lactate 
levels respectively, with a consequent significant 
reduction in lactate/pyruvate ratio compared to both the 
NDEA and control counterparts. Also, DAS significantly 
increased LDH and G6PD activities compared to either 
NDEA or control groups.

Changes in oxidative stress and membrane 
disintegration indices following NDEA in absence or 
presence of DAS
As shown in Table 2, NDEA treatment significantly (P 
= 0.048) elevated MDA and NO contents and reduced 
G6Pase, CAT and SOD activities when compared to 
control counterparts. Administration of  DAS restored 
MDA level and G6Pase activity, significantly decreased 
NO level, and non-significantly changed SOD and CAT 
activities when compared to NDEA-treated rats.
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Figure 1  Non-enzymatic liver functions in rats treated with NDEA in 
absence or presence of DAS (mean ± SE) differed significantly compared to 
the control and NDEA-treated group (aP = 0.045, bP = 0.042, respectively).
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Figure 2  Enzymatic liver functions in rats treated with NDEA in absence 
or presence of DAS (mean ± SE) differed significantly compared to the 
control and NDEA-treated group (aP = 0.048, bP = 0.044, respectively).
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Effect of NDEA in absence or presence of DAS on DNA 
fragmentation indices
NDEA significantly elevated DNA level (3.97 ± 0.189 
mg/gt) compared to control level (2.5 ± 0.199 mg/gt) (P 
= 0.043). DAS normalized DNA levels (2.38 ± 0.08 mg/
gt). NDEA significantly elevated cytochrome c oxidase 
and GST activities. DAS significantly lowered GST , 
which approached the normal values. However, DAS 
significantly enhanced cytochrome c oxidase activity 
when compared to either control or NDEA-treated 
group levels (Figure 3).

Effect of NDEA in absence or presence of DAS on AR 
activity
NDEA significantly elevated AR activity (P = 0.045). 
Co-administration of  DAS restored such enzymatic 
activity (Figure 4).

Histopathological findings
Examination of  liver sections of  the different groups 
illustrated that: Liver tissue of  the normal group 
showed hepatic lobules with normal architecture (Figure 
5A). Liver tissue of  the NDEA-treated rats showed 
pleomorphism. Some cells exhibited multiple nucleoli, 
some of  the cells were pyknotic, while others showed 

intranuclear vacuoles and cellular infiltration (Figure 5B).  
Other sections showed massive areas of  vacuolated 
hepatocytes, cellular infiltration, and some cells 
possessed pyknotic nuclei (Figure 5C). Other section 
showed hyperchromatic nuclei and numerous Kupffer 
cells (Figure 5D). In other sections, hyperchromatic 
malignant nuclei were evident (Figure 5E). Liver tissue 
from the DAS-treated rats showed fewer degenerative 
changes, such as vacuolated cytoplasm, few pyknotic 
nuclei and dilated sinusoids (Figure 5F). Other section 
showed more or less normal hepatic lobular architecture 
(Figure 5G).

DISCUSSION
The liver is a multifunctional organ that plays essential 
roles in metabolism, biosynthesis, excretion, secretion 
and detoxification. These processes require energy, 
making the liver a highly aerobic, oxygen-dependent 
tissue. These processes also cause vulnerability of  the 
liver to anoxia, increased susceptibility to noxious insults, 
and create a demand for cell replacement after tissue 
loss. Enhanced liver cell death and impaired regeneration 
are indeed features of  most liver disorders. Proteins 
play a big role in fighting off  infections and building 
or repairing muscle tissue. Low albumin is a sign of  
poor health and a predictor of  a bad outcome. Thus, a 

Table 2  Effect of NDEA in absence or presence of DAS 
on oxidative stress and membrane disintegration indices  
(mean ± SE)

Parameters Normal NDEA DAS

MDA (nmol/g liver) 55.6 ± 3.4 90.4 ± 8.01a 66.8 ± 2.4b 
NO (nmol/g liver)  139 ± 9.7  344 ± 14.9a    187 ± 9.2a,b 
G6Pase (nmol/mg 
protein/min)

  6.39 ± 0.46 3.38 ± 0.26a  7.36 ± 0.3b 

CAT (IU/mg protein) 173 ± 9.1  141 ± 6.44a    138 ± 6.64a

SOD (IU/mg protein)  88.3 ± 6.55     55.7 ± 2.7a    57.8 ± 5.38a

Significantly different from baseline values at aP = 0.048; Significantly 
different from NDEA treatment at bP = 0.044.
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Figure 3  Changes in cytochrome oxidase and GST activities in rats 
treated with NDEA in absence or presence of DAS (mean ± SE) differed 
significantly compared to the control and NDEA-treated group values (aP 
= 0.043, bP = 0.045, respectively).

Control
NDEA
DAS

Figure 4  Changes in AR in rats treated with NDEA in absence or presence 
of DAS (mean ± SE) differed significantly compared to the control and 
NDEA-treated group values (aP = 0.045, bP = 0.046, respectively).
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Parameters Normal NDEA DAS

Lactate (μmol/g liver)   2.27 ± 0.16    2.08 ± 0.094   1.41 ± 0.08a,b

Pyruvate (μmol/g liver)     0.11 ± 0.007  0.103 ± 0.008     0.15 ± 0.007a,b  
Lac/Pyr   20.6 ± 1.65    17.37 ± 0.9 11.31 ± 0.76a,b

LDH (μmol/mg protein 
per min) 

      0.9 ± 0.021      0.9 ± 0.043     1.05 ± 0.028a,b

ATP (μmol/g liver)   5.69 ± 0.32   4.04 ± 0.12a     4.91 ± 0.085a,b  
G6PD (μmol/mg 
protein per min) 

  27.9 ± 2.29   47.4 ± 1.48a    54.1 ± 4.04a,b

Significantly different from baseline values at aP = 0.046; Significantly 
different from NDEA treatment at bP = 0.043.

Table 1  Effect of NDEA in absence or presence of DAS on 
liver energy metabolism indices (mean ± SE)



decrease in the A/G ratio often indicates the presence 
of  impaired liver function. As shown in our results, 
NDEA decreased significantly total protein, albumin and 
A/G levels, which was indicative of  poor liver function 

and inability to fight infections. On the contrary, DAS 
administration normalized total protein, albumin and 
A/G levels, indicating the ability of  DAS to improve 
liver function in face of  NDEA-induced liver damage. 
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Figure 5  Liver sections of the different groups. A: Liver tissue of the normal group (control) showed hepatic lobule having normal architecture; B: Liver tissue of 
the NDEA-treated rats showed nuclear pleomorphism; some cells exhibited multiple nucleoli (encircled), pyknotic cells (short arrows), intranuclear vacuoles (arrow), 
some showed cytoplasmic vacuoles (V) and cellular infiltration (Inf); C: Other sections showed massive areas of vacuolated hepatocytes (encircled); cellular infiltration 
(arrow) and some cells possessed pyknotic nuclei; D: Other slides showed vacuolated cytoplasm, hyperchromatic nuclei, pyknotic nuclei and numerous Kupffer cells; 
E: Other section showed hyperchromatic malignant nuclei (H); F: Liver tissue of the DAS-treated rats showed some degenerative changes, vacuolated cytoplasm (V), 
few pyknotic nuclei (arrows) and dilated sinusoids (D); G: Other slides showed more or less normal hepatic lobular architecture.
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Serum AST, ALP and GGT are sensitive indicators of  
hepatic injury. Several reports have shown an increase 
in the activities of  AST and ALT during NDEA-
induced hepatocarcinogenesis[34]. Elevated activities 
of  serum AST, ALP and GGT observed in NDEA-
treated rats may be due to the NDEA-induced hepatic 
damage and the subsequent leakage of  these enzymes 
into the circulation. Administration of  DAS restored the 
activities of  these enzymes to near normal values, which 
may be an indication of  the hepatoprotective role of  
DAS.

As shown in our results, NDEA produced a significant 
decrease in hepatic ATP level. Oncotic necrosis is most 
often the consequence of  metabolic injury, leading to 
ATP depletion. ATP depletion in hepatocytes is associated 
with ATP-depletion-dependent cytoskeletal alterations, 
after which a metastable state develops, characterized by 
mitochondrial depolarization and lysosomal breakdown. 
This metastable state culminates in outright rupture of  
plasma membrane, irreversible breakdown of  the plasma 
membrane permeability barrier, and leakage of  cytosolic 
enzymes and metabolic intermediates[35]. Treatment with 
DAS resulted in a significant decrease in lactate and 
lactate/pyruvate ratio, along with significant elevation of  
pyruvate, ATP levels and liver LDH activity, compared to 
NDEA-treated rats. The increased activity of  LDH could 
favor pyruvate (aerobic carbohydrate metabolism) against 
lactate (anaerobic), thus enhancing energy metabolism 
in the cell and reflecting restoration of  normal cellular/
metabolic function. The histopathological findings 
observed in this study support the biochemical ones that 
liver tissue of  the NDEA-treated rats showed drastic 
changes in the morphology of  the liver cells, whereas the 
DAS-treated rats showed more or less normal hepatic 
lobular architecture. Accordingly, we presented evidence 
that DAS substantially improved the liver cell metabolic 
indices, as well as its synthetic capacity, and further 
protected against its malignant transformation.

The present data revealed that NDEA produced 
significant increases in the activity of  liver G6PD, 
which agrees with findings from other studies[36,37]. 
G6PD is a housekeeping enzyme that produces riboses, 
which are incorporated into nucleotides and nucleic 
acids, and NADPH, the major cytoplasmic reducing 
compound[38]. NADPH is necessary for reduction of  
oxidized glutathione by glutathione reductase[39], and is 
a substrate for phase Ⅰ and Ⅱ biotransformation and 
detoxification enzymes[36]. G6PD is elevated in response 
to external stimuli, toxic and oxidative stress[40,41]. G6PD 
activity is strongly upregulated in proliferating cells such as 
malignant cells[42]. There is increasing evidence that G6PD 
activity is of  major importance for NADPH production 
for defense against oxidative stress, rather than for ribose 
production during proliferation[43]. Interestingly, treatment 
with DAS resulted in further elevation in the activity of  
G6PD. This result provides new evidence that DAS might 
exhibit a compensatory mechanism in enhancing the 
production of  NADPH as a further defense mechanism 
against proliferating cancer cells, as well as for enhancing 
cellular antioxidant capacity.

In hepatocellular carcinoma, there is disequilibrium 
between oxidant and antioxidant balance, which is tilted 
towards the oxidant side[44]. Reactive oxygen species 
(ROS) are believed to cause genetic oxidation and 
damage to DNA and other macromolecules. Unchecked, 
this oxidative damage may lead to a host of  conditions 
including cancer. Normally, this process is held in check 
by elaborate endogenous or exogenous antioxidant 
processes. Various enzymatic and non-enzymatic systems 
have been developed by the cell to cope with ROS and 
other free radicals[45]. Since many of  the anomalies that 
are induced by NDEA can arise from oxidative stress, 
which is also known to accompany cancer development, 
it was of  a prime interest to evaluate oxidative stress 
levels under those circumstances. As shown in the 
present study, NDEA produced a significant increase 
in hepatic MDA and NO levels, along with significant 
decreases in SOD and CAT activities. MDA was one of  
the main lipid peroxidation products; its elevated levels 
can reflect the degree of  lipid-peroxidation-induced 
injury in hepatocytes[46]. On the other hand, it has been 
reported that SOD and CAT constitute a mutually 
supportive defense against ROS[47]. The decreased 
activity of  SOD in liver of  NDEA-treated rats may 
have been due to the enhanced lipid peroxidation or 
inactivation of  the antioxidative enzymes. This may have 
caused an increased accumulation of  superoxide radicals, 
which could have further stimulated lipid peroxidation[48]. 
Decreased activities of  SOD and CAT in NDEA-
treated rats, which is in agreement with other reported 
studies[49], could have been due to over-utilization of  
these enzymatic antioxidants to scavenge the products 
of  lipid peroxidation. Tumor cells have been reported to 
sequester essential antioxidants from the circulation in 
order to meet the demands of  the growing tumor cells. 
On the other hand, the current data demonstrated the 
ability of  DAS to reduce formation of  ROS and reactive 
nitrogen species, measured as MDA and NO, which 
agrees with findings from other laboratories[7]. These 
findings conform to previous results on the established, 
specific antioxidant profile for DAS as an inhibitor 
of  the hepatic ROS generating enzyme CYP2E1. 
The latter enzyme is known as a prominent trigger of  
hepatic oxidative stress[50]. Treatment with DAS showed 
no significant enhancement of  the activity of  the 
endogenous antioxidant enzyme SOD or CAT.

G6Pase plays a crit ical role in blood glucose 
homoeostasis and its activity can also be considered as 
an index of  the stability of  the microsomal membrane[51]. 
Decreased activity of  liver G6Pase was shown in the 
NDEA-treated rats, which might be attributed to 
the increased lipid peroxidation caused by NDEA. 
Consistent with previous studies[52], DAS administration 
enhanced G6Pase activity significantly, compared to the 
NDEA-treated group value, suggesting the ability of  
DAS to preserve membrane integrity.

In this study, an increased activity of  liver GST was 
observed in NDEA-treated rats, with respect to their 
control counterparts. In addition, we also showed an 
increased activity of  serum GGT in the NDEA-treated 
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rats, which might have been responsible for the increased 
level of  GST in this group of  animals[44]. Initial reports 
from nitrogen-mustard-resistant cell lines have shown 
these cells to over-express GST, which also holds true 
for a number of  tumors. The increased level of  GST 
is likely to be the key mediator of  drug resistance in 
cancer chemotherapy[44]. Restoration of  GST activity was 
observed with DAS treatment, suggesting a preservation 
of  the redox system, which reflects a decrease in free-
radical production, as well as improving cancer cell 
sensitivity to chemotherapy.

Cancer is well known to induce uncontrolled cellular 
proliferation. In this context, our results demonstrated 
that NDEA increased total DNA level, suggesting 
enhanced cellular proliferation. Notably, treatment with 
DAS significantly reduced DNA levels to near normal 
values, suggesting interference with mitotic pathways 
and enhancing apoptosis of  cancer cells[53]. In addition, 
the current results showed an enhanced activity of  
cytochrome c oxidase enzyme in the NDEA-treated rats, 
which was further enhanced by the co-administration 
of  DAS. However, for this investigation, we measured 
total cytochrome c oxidase, so it was difficult to delineate 
whether the increase we observed in the levels of  
cytochrome c oxidase was attributed to the mitochondrial 
or cytosolic fraction. According to the observed elevation 
in hepatic MDA and NO contents in the NDEA-treated 
group, a state of  oxidative stress can exist in such animals, 
which contributes to mitochondrial membrane leakage 
and in turn, allows the translocation of  cytochrome c  
oxidase to the cytosolic fractions. Thus, we suggest 
that the increase in cytochrome c oxidase with NDEA 
treatment might be of  cytosolic origin. Interestingly, we 
demonstrated, and to the best of  our knowledge, for the 
first time, that DAS markedly enhanced the activity of  
cytochrome c oxidase. We suggest that such increased 
cytochrome c oxidase activity might be attributed to 
a mitochondrial rather than cytosolic origin, which 
is supported by the observed increase in ATP and 
decrease in oxidative-stress biomarkers shown in DAS-
treated animals. DAS might induce direct perturbation 
of  mitochondria, resulting in apoptotic damage of  the 
cancer cells. This effect has been reported recently with 
some anticancer agents[54,55].

Our results showed an almost 1.5-fold increase in 
AR activity in NDEA-treated animals. AR belongs 
to the aldo-keto reductase (AKR) superfamily. Most 
of  the AKR superfamily proteins are involved in the 
detoxification of  a wide variety of  substrates. Several 
reports have shown that over-expression of  AR, 
in many tumor cells, renders these cells resistant to 
chemotherapy, and also demonstrate that inhibition of  
AR enhances cancer cell sensitivity to chemotherapeutic 
drugs[56,57]. In addition, over-expression of  AR enhances 
production of  ROS, which cause membrane damage and 
cellular leakage[58]. To the best of  our knowledge, the 
present study is the first to show enhanced production 
of  AR in an in vivo model of  liver tumorigenesis. To 
our knowledge, this is the first report that identifies 

the ability of  DAS to reduce the expression of  AR in 
NDEA-treated rats. This provides new evidence for its 
very important potential role in cancer protection. The 
ability of  DAS to reduce the expression of  AR suggests 
that DAS is effective against in vivo tumorigenesis by 
suppressing AR production and subsequently lowering 
the production of  ROS, as well as enhancing cancer cell 
sensitivity to chemotherapeutic drugs.

Our f indings were fur ther suppor ted by the 
histopathological examination of  liver sections, which 
illustrated that liver tissue of  NDEA-treated rats 
showed damage, manifest as nuclear pleomorphism, 
intranuclear vacuoles, cellular infiltration, hyperchromatic 
nuclei, pyknotic nuclei, numerous Kupffer cells and 
hyperchromatic malignant nuclei. On the contrary, liver 
tissue of  the DAS-treated rats showed more or less 
normal hepatic lobular architecture.

To conclude, we provide evidence that DAS exerts 
a protective role on liver tissue in face of  enhanced 
tumorigenesis caused by NDEA, as demonstrated by 
the following points: (1) DAS could normalize almost 
all the non-enzymatic and enzymatic liver function tests, 
indicating its ability to improve liver functions; (2) DAS 
significantly decreased lactate and lactate/pyruvate ratio, 
along with elevating pyruvate, ATP levels and liver LDH 
activity, thus enhancing energy metabolism in the liver 
tissue and reflecting restoration of  normal cellular/
metabolic functions; (3) DAS elevated the activity of  
G6PD, so it might exhibit a compensatory mechanism 
in enhancing the production of  NADPH as a further 
defense mechanism against proliferating cancer cells, as 
well as enhancing cellular antioxidant capacity; (4) DAS 
reduced the formation of  free radicals, measured as 
MDA and NO, providing specific antioxidant profiles 
for DAS as an inhibitor of  the hepatic ROS-generating 
enzyme; (5) DAS enhanced G6Pase activity significantly, 
suggesting its ability to preserve liver cell membrane 
integrity; (6) DAS restored GST activity, suggesting a 
preservation of  the redox system, as well as improving 
cancer cell sensitivity to chemotherapy; (7) DAS 
significantly reduced DNA level comparable to that 
in the NDEA-treated group, and close to the normal 
value, suggesting interference with mitotic pathways and 
enhancing apoptosis of  cancer cells; (8) DAS markedly 
enhanced cytochrome c oxidase activity, thus, DAS might 
induce direct perturbation of  mitochondria, resulting 
in apoptotic damage of  the cancer cells; (9) to the best 
of  our knowledge, this is the first report that identifies 
the ability of  DAS to reduce the expression of  liver AR 
in NDEA-treated rats, which suggests a very important 
potential role in cancer protection and subsequently 
lowering the production of  ROS, as well as enhancing 
cancer cell sensitivity to chemotherapeutic drugs; (10) 
our biochemical findings were further supported by the 
histopathological examination of  liver sections, which 
illustrated that liver tissue of  the NDEA-treated rats 
showed damage, resulting in malignant cell formation. 
On the contrary, liver tissue of  the DAS-treated rats 
showed more or less normal hepatic lobular architecture. 
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 COMMENTS
Background
Diallyl sulfide (DAS), a biologically active garlic constituent, has been 
demonstrated as a potential cytoprotective agent in many animal models. Garlic 
(Allium sativum), an important flavoring agent, exhibits medicinal properties that 
include immunomodulatory, hepatoprotective, antioxidant, antimutagenic and 
anticarcinogenic effects.
Research frontiers
Oncotic necrosis is most often the consequence of metabolic injury, leading 
to ATP depletion, culminating in leakage of cytosolic enzymes and metabolic 
intermediates. In hepatocellular carcinoma, disequilibrium exists between 
oxidant and antioxidant balance, which is tilted towards oxidants. Tumor cells 
sequester essential antioxidants from the circulation to meet the demands 
of the growing tumor cells. We showed that DAS reduced formation of ROS, 
which agrees with reported findings. Aldose reductase (AR) belongs to the aldo-
keto reductase (AKR) superfamily involved in the detoxification processes of a 
wide variety of substrates. Over-expression of AR, in many tumor cells, renders 
these cells resistant to chemotherapy. 
Innovations and breakthroughs
DAS protects against N-nitrosodiethylamine (NDEA)-induced liver cancer. 
DAS markedly enhanced, cytochrome c oxidase activity, thus inducing direct 
perturbation of mitochondria, culminating in apoptotic damage of the cancer 
cells. The expression of liver AR in NDEA-treated rats was reduced by DAS, 
subsequently lowering the production of ROS and enhancing cancer cell 
sensitivity to chemotherapeutic drugs. Histopathological examination illustrated 
that liver tissue of the NDEA-treated rats showed malignant cell formation, 
which was prevented by DAS.
Applications
The population of Egypt has a heavy burden of liver disease and the use of 
synthetic chemoprotective agents has potential risks in this population. Dietary 
habits may modify carcinogenesis initiation, promotion and progression. Hence, 
this study indicates the potential protective effect of DAS against NDEA-induced 
liver cancer. This could be used as a protective method to prevent exacerbation 
of cancer in developed countries that cannot afford the burden of expensive 
chemotherapy.
Terminology
DAS: Diallyl sulfide (a major constituent of garlic); NDEA: N-nitrosodiethylamine 
(inducer of liver cancer); LDH: Lactate dehydrogenase; G6PD: Glucose-6-
phosphate dehydrogenase; MDA: Malondialdehyde; NO: Nitric oxide; G6Pase: 
Glucose-6-phosphatase; CAT: Catalase; SOD: Superoxide dismutase; GST: 
Glutathione-S-transferase; AST: Aspartate aminotransferase; ALP: Alkaline 
phosphatase; GGT: Gamma-glutamyl transferase; AR: Aldose reductase.
Peer review
The authors demonstrated in this study that DAS had anti-oxidant properties 
in NDEA-treated rats. This work is very interesting. The authors bring some 
novelty and innovation to their research. The references are appropriate and 
updated. 
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