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Oxidative stress mediated mitochondrial dysfunction is the most common pathway leading to the 
destruction of hepatic architecture during cirrhosis. The present study was designed to evaluate the 
restorative potential of cabbage-extracted sulforaphane against diethylnitrosamine (DEN)-induced 
hepatic mitochondrial dysfunction in rats. Sulforaphane (SFN) was extracted from cabbage seedlings 
and its structure was characterized by UV, IR and GC spectrophotometry. The antioxidant activity of 
SFN was evaluated in vitro by α, α-diphenyl-β-picrylhydrazyl (DPPH) free radical scavenging method. 
The restorative effect of SFN on DEN-induced mitochondrial dysfunction in rats was determined in 
comparison with silymarin. Serum albumin, alanine transaminase (ALT) and aspartate transaminase 
(AST) were determined. Total antioxidant capacity (TAC) and lipid peroxidation were evaluated in liver 
tissue, besides the level of reduced glutathione and the activity of both catalase and glutathione 
peroxidase. The concentration of cytochrome C was measured in liver tissue using ELISA. The activities 
of respiratory chain complexes I, II, III and IV were estimated in the mitochondrial fractions. The 
expressions of 8-Hydroxydeoxyguanosine (8-OHdG) and caspase 3 were determined 
immunohistochemically.Administration of cabbage-extracted SFN to DEN-induced hepatotoxic rats 
either preventive or therapeutic led to improve the activity of mitochondrial respiratory chain complexes, 
decrease the expression of 8-OHdG and caspase 3 and ameliorate liver function and histology.Our 
findings suggest that cabbage extracted SFN repairs mitochondrial dysfunction induced by DEN in rats 
and maximize the efficacy of silymarin as a hepatoprotective. 
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INTRODUCTION 

Mitochondria are necessary to perform many 
biological processes such as β-oxidation of fatty 
acids and oxidative phosphorylation which aimed 
to supply the cell with energy, the urea cycle, and 
metabolism of amino acids and iron regulating 
signaling pathways. Mitochondria have a role in 
the regulation of the innate immune response to 
control inflammation and associated diseases. 

Any disturbance in these processes can result in 
development and progression of liver diseases 
(Mansouri, Gattolliat et al. 2018). 

Mitochondrial dysfunction is one major 
pathway of drug induced liver injury. By inhibiting 
mitochondrial energy production and/or releasing 

mitochondrial pro‐apoptotic proteins into the 
cytoplasm, drugs can lead to necrosis or 
apoptosis of liver tissue, thus causing hepatic 
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cytolysis and lipid accumulation (Begriche, 
Massart et al. 2011). 

N-nitrosodiethylamine (DEN) is classified as a 
hepatotoxin, carcinogen and mutagen. It has been 
well characterized to produce reactive oxygen 
species (ROS) through its metabolism, particularly 
in the liver. The metabolism of DEN has been 
shown to stimulate kupfer cells causing high ROS 
levels which subsequently elevate the rate of 
mtDNA mutations, which will further impair 
respiratory chain function (Subramaniam and Ellis 
2016). 

Sulforaphane (SFN) is found in Brassica 
vegetables, including cabbages and chemically is 
known as 4-methylsulfinybutyl isothiocyanate.  
SFN has a molecular formula C6H11NOS2 and 
molecular weight 177.29. SFN can be synthesized 
from glucoraphanin by myrosinase 
enzyme(Tabart, Pincemail et al. 2018).  

It was revealed that SFN has several 
biological activities including anticancer, anti-
inflammatory, antioxidant (Jiang, Liu et al. 2018). 
Moreover, antibacterial activity against H. pylori 
gastric infection by preventing invasion of the 
bacteria into the intestinal lumen through 
stimulation of nrf2- dependent antioxidant 
enzymes(Yanaka 2017). 

It is also known to function as a chemo-
preventive agent in neurodegenerative and 
cardiovascular diseases (Sun, Yang et al. 2017). 
There were no previous reports published about 
the reformative potential of SFN against DEN-
induced hepatic mitochondrial dysfunctions. From 
this point, the present study was designed to 
explore the role of SFN in repairing hepatic 
mitochondrial dysfunction in rats. 
  
MATERIALS AND METHODS 

Chemicals 
Methylene chloride, methanol absolute, 

acetonitrile and anhydrous sodium sulfate were 
purchased from El Gomhoria Chemicals Company 
(Egypt). Diethylnitrosamine (liquid, density 
0.95g/ml), antimycin A, ubiquinone, dodecyl 
maltoside, cytochrome C, reduced nicotinamide 
adenine dinucleotide, sodium hypochlorite, 
potassium cyanide, magnesium chloride, EGTA 
and rotenone were purchased from Sigma Aldrich 
(USA).  

Preparation of seedling 
Cabbage sprouts were prepared according to 

the method Azizi and Amiri et al with few 

modifications (Azizi Naser, Amiri‐Besheli et al. 
2011). 

Cabbage seeds were soaked in 20 ml of 5% 
sodium hypochlorite for 20 minutes, after that the 
seeds were washed and soaked in 100 ml distilled 
water overnight. After that the imbibed seeds were 
germinated by layering over moist cotton pads in 
a germination tray which was continuously 
watered by spraying twice per day. Germination 
was carried out at 25°C under a photoperiod of 16 
hours light and 8 hours darkness cycles. Sprouted 
seeds were collected after seven days. 

Extraction of sulforaphane 
Sulforaphane was extracted from cabbage 

sprouts according to the method Bertelli et al 
(Bertelli, Plessi et al. 1998; Farag and Motaal 
2010). Briefly, Sprouts were kept in oven at 37°C 
till complete dryness. Then, the dried parts were 
ground to a fine powder using mechanical mortar. 
The powder was dissolved in PBS pH 7.0 at 37°C 
overnight to allow complete hydrolysis of sulfur 
glycosides. The supernatant was filtrated via a 
piece of gauze then mixed three times with equal 
volumes of methylene chloride with stirring under 
reflux at room temperature for 12 hours. 
Methylene chloride fractions were salted with 
anhydrous sodium sulfate, combined, and then 
dried at 30 °C under vacuum in a rotary 
evaporator. The residue was re-dissolved in 50 
mL of 5% acetonitrile in water (v/v) and washed 
two times with equal volume of hexane. After that, 
the aqueous phase was extracted three times with 
equal volumes of methylene chloride. Then, the 
methylene chloride layers were pooled, dried over 
anhydrous sodium sulfate, and filtered through 
filter paper (Whatman No.1). After that, the filtrate 
was dried at 33 °C under vacuum in a rotary 
evaporator. Finally, the dried yield of sprouts 
extract was dissolved in methylene chloride was 
stored at -20 °C till identification of SFN extracted.  

Identification of cabbage extracted 
sulforaphane 

Fourier transform infrared (FT/IR) 
Dried SFN extract was powdered and 

analyzed as potassium bromide (KBr) pellets. IR 
spectra were recorded on a Bruker spectrometer 
and a BioradFTS7 (KBr), Range; 4000-400 cm-1) 
(Prabhu and Bragadeeswaran 2013). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/chemopreventive-agents
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Determination of the maximum wavelength 
(λmax) using ultraviolet spectroscopy (UV) 

Maximum wavelength of a compound is 
unique and it can be used for qualitative 
determination of a compound. 10mg SFN extract 
was dissolved in 4ml methylene chloride and the 
absorbance was measured using UV-via double 
beam spectrophotometer-160A (Shimadzu, 
Japan). The absorbance was recorded in the 
range of 200nm to 650nm and the graph was 
plotted as an absorbance versus a wavelength.  

Gas chromatography-Mass spectrometry (GC-
MS) analysis 

Sulforaphane was detected by GC-MS using 
Perkin Elmer Clarus 580 Gas chromatograph 
according to the method described by Matusheski 
et al(Matusheski, Wallig et al. 2001), Followed by 
checking the mass spectrum of the extracted 
sulforaphane in MAINLIB library.  

Determination of the antioxidant activity of 
SFN extract by α-diphenyl-β-picrylhydrazyl 
(DPPH) free radical scavenging method 

The radical scavenging activity of crude 
extract of Brassica oleracea var. capitata against 
DPPH radical was based on the method 
(Molyneux 2004; Thaipong, Boonprakob et al. 
2006).  addition of 0.1 ml of different 
concentrations of the extract to 3.9 ml of DPPH 
solution. A blank assay was prepared by addition 
of 0.1 ml methanol to 3.9 ml of DPPH solution. 
Both test and blank solutions were stand for 1 
hour at room temperature. Then, the absorbance 
was read at 515 nm. The antioxidant activity 
against DPPH was calculated according to the 
following equation: 

100×% activity = [(Ac-As)/Ac] 
Where, Ac; is the absorbance of the blank, 

As; is the absorbance of sample.The curve of 
scavenging activity percent versus concentrations 
was constructed and IC50 of the extract was 
determined. 

 Docking study 
Docking calculations were carried out using 

Docking Server(Bikadi and Hazai 2009). 
Gasteiger partial charges were added to the 
ligand atoms. Non-polar hydrogen atoms were 
merged, and rotatable bonds were defined. 
Docking calculations were carried out on caspase 
3, cytochrome C oxidase, NADH dehydrogenase 
and succinate dehydrogenase. The structures of 
enzymes were downloaded from the database of 
PDB (https://www.rcsb.org). Essential hydrogen 

atoms, Kollman united atom type charges, and 
solvation parameters were added with the aid of 
AutoDock tools(Morris, Goodsell et al. 1998). 
Affinity (grid) maps of ×× Å grid points and 0.375 
Å spacing were generated using the Autogrid 
program(Morris, Goodsell et al. 1998). AutoDock 
parameter set- and distance-dependent dielectric 
functions were used in the calculation of the van 
der Waals and the electrostatic terms, 
respectively. Docking simulations were performed 
using the Lamarckian genetic algorithm (LGA) and 
the Solis & Wets local search method (Solis and 
Wets 1981).Initial position, orientation, and 
torsions of the ligand molecules were set 
randomly. All rotatable torsions were released 
during docking. Each docking experiment was 
derived from 2 different runs that were set to 
terminate after a maximum of 250000 energy 
evaluations. The population size was set to 150. 
During the search, a translational step of 0.2 Å, 
and quaternion and torsion steps of 5 were 
applied. 

Animals  
All experiments were carried out according to 

the guidelines of the ethical committee of Faculty 
of Science, Tanta University. The present study 
included 70 adult male rats weighing 
approximately 190-250 g. animals were housed in 
wire mesh cages and allowed to acclimatize to the 
laboratory conditions for one week. Rats were fed 
on standard diet with free access to water. They 
were exposed to 12:12 hr light/dark cycles at 
temperature 25oC. 

Experimental design 
The rats were divided into seven groups (10 

rats per each). 
Group I; negative control group, rats 

received saline for 42 days. Group II; silymarin 
control group, rats received silymarin (100mg/kg 
b.w., orally) day after day for six weeks.  

Group III; positive control group, rats 
received saline for the first 13 days and 
diethylnitrosoamine (DEN) (100mg/kg b.w., IP) 
was administrated at the 14th and 28th days.  

Group IV; silymarin pretreated group, 
silymarin (100mg/kg b.w.) was administrated 
orally day after day for two weeks and DEN 
(100mg/kg b.w.) was administrated 
intraperitoneally at the 14th and 28th days.  

Group V; sulforaphane pretreated group, 
sulforaphane (10mg/kg b.w.) was administrated 
intraperitoneally day after day for two weeks and 
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DEN (100mg/kg b.w.) was administrated 
intraperitoneally at the 14th and 28th days.  

Group VI; sulforaphane and silymarin 
pretreated group, sulforaphane (10mg/kg b.w.) 
and silymarin (100mg/kg b.w.) were administrated 
orally day after day for two weeks, then DEN 
(100mg/kg b.w.) was administrated 
intraperitoneally at the 14th and 28th days.  

Group VII; sulforaphane treated group, 
DEN (100mg/kg b.w.) was administrated 
intraperitoneally at the 14th and 28th days, then at 
the beginning of the 29th day, sulforaphane 
(10mg/kg b.w.) was administrated orally day after 
day till the 42nd day.  

At the 43rd day, rats were anesthetized with 
diethyl ether, blood samples were collected from 
the orbital venous plexus and serum was 
separated by centrifugation. Liver tissue was 
collected for biochemical analysis and small piece 
was fixed in 10 % buffered formalin for 
histopathological and immunohistochemical 
examination. 

Estimation of liver functions 
Serum levels of Aspartate transaminase 

(AST), alanine transaminase (ALT) and albumin 
were determined using commercial kits 
(Spinreact, Spain). Procedures were followed 
according to the manufacturer ̕s instructions. 

Determination of lipid peroxidation, total 
antioxidant capacity and antioxidant enzymes 
in hepatic tissue 

The concentration of malondialdehyde, 
reduced glutathione, total antioxidant activity, 
glutathione peroxidase and catalase activities 
were measured by commercial kits (Biodiagnostic, 
Egypt).The procedures were followed according to 
the manufacturer ̕s instructions. 

Determination of cytochrome c in liver tissue 
The method was based on sandwich enzyme-

linked immune-sorbent assay technology. Anti-
Cyt-C antibody was pre-coated onto 96-well 
plates. And the biotin conjugated anti-Cyt-C 
antibody was used as detection antibodies. The 
standards, test samples and biotin conjugated 
detection antibody were added to the wells 
subsequently, and wash with wash buffer. 
Horseradish peroxidase enzyme (HRP)-
Streptavidin was added and unbound conjugates 
were washed away with wash buffer. TMB 
substrates were used to visualize HRP enzymatic 
reaction. 3,3',5,5'-tetramethylbenzidine (TMB) was 
catalyzed by HRP to produce a blue color product 

that changed into yellow after adding acidic stop 
solution. The density of yellow is proportional to 
the Cyt-C amount of sample captured in plate. 
Read the absorbance at 450nm using a 
microplate reader, then the concentration of Cyt-C 
can be calculated. 

Isolation of mitochondrial fraction 
Liver was disrupted with 20 volume of its 

weight (W/V) with medium A (200mM HEPES pH 
7.4, containing 120mM KCl, 2mM MgCl2, 1mM 
Ethylene glutamate tetra acetate (EGTA) and 
5mg/ml bovine serum albumin (BSA) and was 
homogenized using automated homogenizer. The 
homogenate was centrifuged at 4000 rpm for 10 
min at 4oC. After discarding the supernatant, the 
obtained pellet was resuspended in medium A 
and was centrifuged at 4000 rpm, for 10 min at 
4oC. These two supernatants were combined, 
filterated and recentrifugated at 15000 rpm for 10 
min at 4oC. The pellet obtained after the last 
centrifugation was resuspended in 10 volumes of 
medium B (20mM HEPES buffer pH 7.4, 
containing 300mM sucrose and 1mM EGTA) and 
recentrifuged at 15000 rpm for 10 min at 4oC. The 
resulting pellet which contained liver mitochondria 
was suspended in medium B and stored at -70oC 
until use. Aliquots of this pellet were used for 
determination of protein concentration. 

Determination of protein concentration in 
mitochondrial fraction 

Protein concentration in the mitochondrial 
fraction was determined according to the method 
of (Bradford 1976). 

Respiratory chain complexes 

Determination of NADH dehydrogenase 
(complex I) activity  

The activity of complex I was determined 
according to the method of(Birchmachin, Briggs et 
al. 1994). Briefly, Mitochondrion was disrupted in 
25mM potassium phosphate buffer (pH 7.2). The 
reaction mixture contained phosphate buffer 
(pH7.2), 2mM MgCl2, 2.5mg BSA, 2mM KCN, 2μg 
antimycin A, 0.13mM NADH, 65μM ubiquinone 
and 50μl mitochondrial suspension in final volume 
of 1ml. the activity of NADH dehydrogenase was 
measured by recording the decrease in 
absorbance at 340nm for 3-5 min. 2μg rotenone 
was added after which the decrease in 
absorbance was followed at 340nm for additional 
3 min. the activity of complex I was determined by 
standard curve using NADH+H+ as standard. 
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Complex I activity is expressed as nmol/min/mg 
protein. 

Determination of succinate dehydrogenase 
activity (complex II) 

The activity of complex II was carried out 
according to the method of (Birchmachin, Briggs 
et al. 1994). The enzyme activity was quantified 
by recording the increase in of 2, 6-
dichlorophenolindophenol reduction at 600nm. An 
extinction coefficient of 19.1mmol/L was used to 
calculate absolute changes. Complex II activity 
was expressed as nmol/min/mg protein. 

Determination of cytochrome c reductase 
activity (complex III) 

The activity of complex III Was measured by 
the method of (Mendoza, de la Cruz et al. 1999) 
by monitoring the reduction of cytochrome c at 
550nm. 1.0ml KH2PO4 buffer (pH7.2) containing 
2mM MgCl2, 2mg BSA, 2mM KCN, 430μl distilled 
water and 60μM ferricytochrome c were added 
after addition 50μl of mitochondrial suspension for 
7 min. 0.13mM NADH was added the increase in 
absorbance was noted at 550nm for 1min. 4μg 
rotenone was added the increase in absorbance 
was noted at 550nm for additional 1 min. the 
rotenone specific activity was calculated. A blank 
was performed exactly as the sample tested but 
without mitochondrial suspension. Complex III 
activity was expressed as nmol/min/mg protein. 

Determination of cytochrome c oxidase 
activity (complex IV) 

The activity of cytochrome c oxidase was 
measured according to the method of (Rustin, 
Chretien et al. 1994) by monitoring the oxidation 
of cytochrome c at 550nm. Briefly, 1.0 ml of 25mM 
KH2PO4 buffer (pH7.2) was mixed with 2 mg 
rotenone, 60μM reduced cytochrome c and 0.5 
mg dodecylmaltoside, then 50μl mitochondrial 
suspension was added. The decrease in 
absorbance was measured at 550nm for 3 min. 
the enzymatic activity was determined using 
standard curve of cytochrome c ferric (Fe+3). 
Complex IV was expressed as nmol/min/mg 
protein. 

Histopathological examination. 
Small piece of liver tissue was fixed in 10% 

buffered formalin, embedded in paraffin wax, 
sectioned and finally stained with hematoxylin and 
eosin. The pathological changes were examined 
using light microscope. 

Immunohistochemistry analysis of 8-
Hydroxydeoxyguanosine (8-OHdG) and 
caspase3.  

Formalin-fixed, paraffin-embedded tissues 
were cut into 4-μm thick sections. Then, sections 
were subjected to dewaxing, rehydration, blocking 
with hydrogen peroxide, and antigen retrieval with 
microwave in a 10 mM citrate buffer (pH 6.0) for 
10 min and cooled to room temperature. After 
being blocked with 1% goat serum albumin, 
sections were incubated with the antibodies 
against; monoclonal antibody: 8-
Hydroxydeoxyguanosine (8-OHdG): Monoclonal 
antibody, Dilution 1:100 (Clone15A3, SC-66036, 
and Santa Cruz, California, USA). Polyclonal 
rabbit anti-caspase-3 antibody (1:1000 dilution, 
PharMingen, San Diego, CA, USA), Then sections 
were washed in PBS and visualized with Dako 
REAL™ EnVision™ Detection System. The 
sections were incubated with chromogen 3, 30-
diaminobenzidine tetrahydrochloride (DAB) and 
counterstained with hematoxylin. 

Statistical analysis 
All results are expressed as mean±SE, One-

way analysis of variance (ANOVA) was used to 
assess significant differences among groups the 
Tuckey test was used to compare all groups with 
group III “Positive control group” and showed the 
significant effect of treatment.  
 
RESULTS  

Sulforaphane characterization 
 

 
Figure1: the maximum wavelength of SFN 

extract by using a UV1102 spectrophotometer 
(λmax 324nm).  
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Figure2: Infrared spectrum of extracted 

sulforaphane (IR) (cm-1): 3412 (O-H from H2O 
adsorbtion), 2926, 2860(C-H), 2250, 

2104(N=C=S), 1458, 1366(C-H), 1246(C-N), 
1011(S=O), 742(C-H), 696(C-S). 

 

 
Figure 3: GC spectrum of sulforaphane which 

appears with a peak at retention time of 
19.184. 

Results of molecular interaction of SFN with 
respiratory chain complexes 

Docking of SFN with catalase 3 showed that 
the amino acid residue that stabilizes SFN was 
ARG64. There were hydrophobic zones in the 
neighborhood of the active site, composed of 
residues: CYS163 and HIS121 (Table 1, figure4A, 
B).The amino acid residues that stabilize SFN 
with NADH dehydrogenase were ASP380 and 
THR46 and The hydrophobic zones were formed 
by ILE320 and ILE379 (Table 1, figure 5A, B). The 
residue in the active site of cytochrome C that 
interacts with SFN was THR46 while the 
hydrophobic zones were formed by TYR383, 
ILE320 and ALA316 (Table 1, figure 6A, B). 
Finally, when SFN was docked with succinate 
dehydrogenase, the hydrophobic zones were 

formed by LEU405, PHE126, ALA49 and HIS242 
(Table 1, figure 7A, b). 

The effect of sulforaphane on the levels of 
liver enzymes and serum albumin 

As shown in table 2, the concentration of 
albumin in serum of rats received a mixture of 
SFN and silymarin before DEN-induced 
hepatotoxicity significantly increased by 1.3-fold 
compared to DEN control group (p <0.001). 
Moreover, the administration of SFN to rats after 
DEN-induced hepatotoxicity caused a significantly 
increase in serum albumin by 1.5-fold compared 
to DEN control group (p <0.001). A significant 
decrease in ALT level was noted in rats received 
SFN before DEN-induced hepatotoxicity by 1.39-
fold when compared with DEN control group 
(p<0.001). In addition, ALT level was significantly 
decreased in rats received a mixture of SFN and 
silymarin before DEN-induced hepatotoxicity by 
1.63-fold compared to DEN control group 
(p<0.001). Also, in the SFN therapeutic group, a 
significant decrease in ALT level was recorded 
1.19-fold compared to DEN control group 
(p<0.001). Likewise, AST level significantly 
decreased in preventive SFN group, preventive 
SFN plus silymarin group and therapeutic SFN 
group by 1.41, 1.87 and 1.39-fold, respectively 
compared to DEN control group (p<0.001).  

The effect of SFN on oxidative stress markers 
in liver 

As shown in table 3, no significant difference 
was noted in MDA level of preventive silymarin 
and preventive SFN groups compared to silymarin 
control group. In addition, there was no significant 
difference was noted in TAC and glutathione 
peroxidase activity of all treated groups compared 
to silymarin control group. Except therapeutic SFN 
group, all treated groups did not show a significant 
difference in catalase activity compared to 
silymarin control group. Furthermore, the activity 
of cytochrome c in both preventive and 
therapeutic groups did not exhibit a significant 
difference comparing with silymarin control group 
(Figure8). 

Effect of SFN on mitochondrial respiratory 
complexes I, II, III and IV 

The activity of complexes I, II, III and IV in 
preventive SFN group increased by 1.82, 2.21, 
2.34 and 1.51-fold, respectively compared to DEN 
control group (p <0.001). In the same way, the 
administration of SFN+silymarin as a preventive 
dose caused an increase in the activity of 
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complexes I, II, III and IV by 1.82, 2.43, 2.04 and 
1.60-fold, respectively comparing with DEN 
control group (p <0.001).DEN-induced hepatotoxic 
rats which received SFN as a therapeutic dose 
exhibited an increase in the activity of complexes 
by 1.82, 2.43, 2.40 and 1.60-fold, respectively 
comparing with DEN control group (p <0.001) 
(Figure9).  

The effect of SFN on histopathological 
characteristics of liver  

Hematoxylin & Eosin stained hepatic tissue in 
the different animal groups are illustrated in figure 
1 and revealed that normal control and silymarin 
control groups showed normal liver histology with 
unremarkable central vein, DEN only group 
showed the surrounding hepatocytes are 
vacuolated disrupted pleomorphic with irregular 
hyperchromatic nuclei, while pretreated and 
treated SFN groups showed some areas with mild 
inflammatory infiltration, vascular congestion in 
association with vacuolated hepatocytes. 
Pretreated silymarin group moderate inflammatory 
infiltration with vacuolated hepatocytes bi-
nucleated and multi nucleated hepatocytes 
(arrows) but pretreated combination of SFN and 
silymarin group showed depicated decrease in the 
hepatotoxic effect of DEN and vascular 

congestion and focal perivascular cellular 
infiltration were observed (Figure10). 

The effect of SFN on the expression of 8-
HDOG in liver tissues 

Figure11 represented the microphotographs 
of liver sections of the different experimental 
groups showing immunoreactivity to 8HDOG in 
the nuclear. DEN only group slide,pre-treated 
silymarin and pre-treated SFN groups slide have 
high degree of positivity when compared to the 
score in the pretreated combinational group and 
post-treated SFN group.  Normal control and 
silymarin control groups slide showed no 
reactivity. 

The effect of SFN on the expression of 
caspase 3 in liver  

Figure12 represented the microphotographs 
of liver sections of the different experimental 
groups showing immunoreactivity to caspase3 in 
the cytoplasm. DEN only group slide and pre-
treated silymarin group slide have strong degree 
of positivity when compared to the score in the 
pre-treated SFN. The pre-treated combinational 
group and post-treated SFN group showed almost 
no reactivity as seen in normal control and 
silymarin control groups slide. 

 
Table 1: Docking data of the interactions of SFN with active sites of caspase 3, NADH 

dehydrogenase, cytochrome C oxidase and succinate dehydrogenase. 
 

 
 
 
 

Target protein 
Indices 

Caspase 3 
NADH 

 dehydrogenase 
Cytochrome C  

oxidase 
Succinate  

dehydrogenase 

Binding energy score 
(Kcal/mol) 

-1.91 -3.22 -3.50 -3.89 

Est. inhibition constant, ki 
(mM) 

39.75 4.33 2.73 1.42 

Van der Waals+hydrogen 
bond+desolvation energy 

(Kcal/mol) 
-3.53 -4.98 -5.16 -5.52 

Electrostatic energy 
(Kcal/mol) 

-0.01 -0.03 -0.00 -0.05 

Total intermolecular energy 
(Kcal/mol) 

-3.63 -5.01 -5.16 -5.57 

No. of H-bonds 1 2 1 0 

Amino acid residues 
forming H-bonds 

ARG64 
ASP380 
THR46 

THR46 ____ 

Amino acid residues 
forming hydrophobic 

interaction 

CYS163 
HIS121 

ILE320 
ILE379 

TYR383 
ILE320 
ALA316 

LEU405 
PHE126 
ALA49 
HIS242 

Interacting surface 375.175 518.324 506.262 465.909 
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Figure 4: (A) 3D model of SFN (green) docked in the binding site of caspase 3(3KJF). 
                 (B) 2D interaction between SFN and amino acid residues of caspase 3 (3KJF). 
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Figure 5: (A) 3D model of SFN (green) docked in the binding site of NADH dehydrogenase (PDB 
code: 4nwz).  

                 (B) 2D interaction between SFN and amino acid residues of NADH   
         Dehydrogenase (PDB code: 4nwz) (Hydrogen bonds represented by dotted line). 
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Figure 6: (A) 3D model of SFN (green) docked in the binding site of cytochrome C oxidase (PDB 
code: 4nwz).  

                 (B) 2D interaction between SFN and amino acid residues of cytochrome C oxidase (PDB 
code: 4nwz) (Hydrogen bonds represented by dotted line). 
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Figure 7: (A) 3D model of SFN (green) docked in the binding site of succinate dehydrogenase 
(PDB code: 2acz).  (B) 2D interaction between SFN and amino acid residues of succinate 

dehydrogenase (PDB code: 2acz). 
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Table2: The effect of SFN extract on the levels of liver enzymes (U/L) and the concentration of 
serum albumin (g/dl).  

 
 
 
 
 
 
 
 
 

 
 

Results were expressed as Mean±SE. a, b, c indicate to the significant differences between test groups 
and DEN control group, where (a) indicates to p < 0.05, (b) p < 0.01, (c) p <0.001, NS = Non-significant. 

 
Table3: The effects of SFN extract on lipid peroxidation, total antioxidant capacity and antioxidant 

enzymes activities. 

Results were expressed as Mean±SE as compared with group II (a) indicates to p<0.05, (b) indicates to 
p<0.01, (c) indicates to p<0.001, NS indicates to Non-significant. 

 

 
Figure8: Effect of SFN on cytochrome c concentration in control and experimental groups of rats. Results 
were expressed as mean±SE as compared with group II a=p < 0.05, b= p < 0.01, c= p <0.001, NS= Non- 
significant. 

Groups ALT (IU/L) AST (IU/L) Albumin (g/dl) 

Normal control 112.75 ± 10.80 123.03 ± 6.16 4.13 ± 0.04 

Silymarin control 117.50 ± 11.01 131.23 ± 5.89 3.96 ± 0.02 

DEN control 225.11 ± 19.14 279.22 ±12.06 2.49 ± 0.05 

Silymarin+DEN 142.53 ± 14.51c 171.17 ± 8.38c 3.21 ±0.03c 

SFN+DEN 162.86 ± 15.34c 198.25 ± 9.34c 3.03 ±0.03c 

SFN+Silymarin+DEN 138.23 ± 12.58c 149.56 ± 7.09c 3.30 ±0.04c 

DEN+SFN 189.11 ± 18.24c 201.40 ± 10.47c 3.84 ±0.02 c 

Groups 
MDA (nmol/g 

tissue) 
TAC 

(mmol/g tissue) 
GSH 

(mg/g tissue) 
GPx 

(U/g tissue) 
Catalase 

(U/g tissue) 

Normal control 3.81±0.159 0.929±0.013 17.62±0.265 76.2±0.409 3.82±0.091 

Silymarin control 3.89±0.133 0.891±0.020 14.98±0.159 70.27±1.56 3.47±0.094 

DEN 13.24±0.386 c 0.307±0.033 c 6.98±0.164 c 48.87±1.065c 0.933±0.060c 

Silymarin+DEN 3.77±0.093 NS 0.829±0.022 NS 13.27±0.248b 68.46±0.65NS 3.31±0.106NS 

SFN+DEN 4.49±0.066 NS 0.891±0.022 NS 13.23±0.397 b 67.47±1.085NS 3.18±0.101NS 

SFN+Silymarin+DEN 6.27±0.124c 0.909±0.019 NS 15.87±0.347NS 69.43±0.949NS 3.34±0.106NS 

DEN+SFN 5.53±0.107 c 0.89±0.016 NS 15.38±0.309NS 69.07±0.976NS 3.01±0.068a 
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Figure9: The effect of SFN on activities of mitochondrial respiratory complexes I, II, III and IV in all 
experimental groups. Results were expressed as mean±SE. (a),(b) and (c) represent a significant 
difference between the treated groups and silymarin control group, where a=p < 0.05, b= p < 0.01, c= p 
<0.001, NS= Non-significant. 
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Figure10: The effect of SFN on histological characteristics of the liver (H&E staining, 400×); (a) 
Photomicrograph of a liver in the normal control group;(b)Photomicrograph of a liver in rat 
received silymarin; (c) Photomicrograph of a liver in rat received DEN only;(d) Photomicrograph of 
a liver in rat treated silymarin before injection DEN; (e) Photomicrograph of a liver in rat treated 
SFN before injection DEN; (f) Photomicrograph of a liver in rat treated SFN and silymarin before 
injection DEN and (g) Photomicrograph of a liver in rat treated SFN after injection DEN. 
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Figure11: immunohistochemistry analysis of 8-DHOG immunostain in liver tissues 
(IHCx400)(a)Photomicrograph of a liver in the normal control group,(b)Photomicrograph of a liver in rat 
received silymarin(c) Photomicrograph of a liver in rat received DEN only,(d) Photomicrograph of liver in 
rats received silymarin before DEN-induced hepatotoxicity, (e) Photomicrograph of liver in rat received 
SFN before DEN-induced hepatotoxicity, (f) Photomicrograph of liver in rat received a combination of 
SFN and silymarin before DEN-induced hepatotoxicity, (g) Photomicrograph of liver in rat received SFN 
after DEN-induced hepatotoxicity. 
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Figure12: immunohistochemistry analysis of caspase3 immunostain in liver tissues (IHCx400); 
(a)Photomicrograph of a liver in the normal control group;(b)Photomicrograph of liver in rat received 
silymarin; (c) Photomicrograph of liver in rat received DEN only;(d) Photomicrograph of liver in rats 
received silymarin before DEN-induced hepatotoxicity; (e) Photomicrograph of liver in rat received SFN 
before DEN-induced hepatotoxicity; (f) Photomicrograph of liver in rat received a combination of SFN and 
silymarin before DEN-induced hepatotoxicity and (g) Photomicrograph of liver in rat received SFN after 
DEN-induced hepatotoxicity. 
 
 
DISCUSSION 

Sulforaphane (SFN), a sulfur containing 
organic compound, is extracted from cruciferous 
vegetables as broccoli and cauliflower and has 
several biological activities including antioxidant, 
cytoprotective, anti-inflammatory, antitumor, and 
antimicrobial (Kim and Park 2016).  It was 
reported the SFN modulates mitochondrial 
function and dynamics in mammalian cells 
(Jardim F. R. et al., 2020).  In the present study, 
the results of SFN characterization agreed with 
De Nicola Rollin et al.(2014),who reported that UV 
absorption spectra of SFN in the range of  225-
400nm. FT/IR spectrum of SFN (cm-1):3426 (O-H 
from H2O adsorbed), 2923, 2867 (C-H), 2179, 
2100 (N=C=S), 1451, 1349 (C-H), 1260 (C-N), 
1021 (S=O), 739 (C-H), 688 (C-S) and SFN was 
detected at retention time at18.7 min. 

Mitochondrial dysfunction is a common 
pathway can induce oxidative stress, energy 
shortage, accumulation of triglycerides (steatosis), 
and cell death in the liver due to some drugs or 
their metabolites(Begriche, Massart et al. 2011). 
Nitrosodiethylamine (DEN) is hepatotoxin which 
has been demonstrated to stimulate Kupfer cells 
leading to high levels of ROS production is 
measured in terms of lipid peroxidation  that in 
turn augment the demand of antioxidant enzymes. 
So, it ends in oxidative stress and hepatic injury 
(Rajan, Ravikumar et al. 2015). 

Malondialdehyde (MDA) is the principal and 
most studied product of polyunsaturated fatty acid 
peroxidation. This aldehyde is a highly toxic 
molecule and should be considered as more than 
just a marker of lipid peroxidation. In the present 
study, MDA concentration increased significantly 
in rats that were injected with DEN. On the other 
hand, sulforaphane (SFN), silymarin and their 
combination decreased the concentration of MDA 
due to antioxidant potential of SFN that caused a 
reduction of free radical yield and the 
subsequently decreased the damage in cell 
membrane. Our data were compatible with results 
of previous investigation reported by Fofaria 
Ranjan et al.(2015). 

Total antioxidant capacity (TAC) in liver tissue 

was reduced in rats treated with DEN compared 
to silymarin control group, while the administration 
of sulforaphane, silymarin and their combination 
significantly increased the total antioxidant 
capacity compared to DEN control group. Our 
findings agreed with previous studies which 
explained the increase of  TAC by the ability of 
SFN and silymarin to scavenge free radicals 
(Yoshigae, Sridar et al. 2013; Fofaria, Ranjan et 
al. 2015). 

Mitochondria contain both of glutathione 
peroxidase (GPx) and catalase (CAT) which 
involved in the detoxification of hydrogen peroxide 
(Esposito et al. 2000 ; Bakala et al. 2012).In 
addition a major non-enzymatic antioxidant, 
reduced glutathione (GSH), is utilized by GPx 
during the metabolism of hydrogen peroxide (Sies 
et al. 2017). In accordance with our data, rats 
treated with DEN showed a significant decline in 
the activities of both of CAT and GPx , as well the 
level of reduced glutathione (GSH).Our results 
were in accordance with Aires Carvalho et 
al.(2012), while the administration of SFN, 
silymarin and their combination led to ameliorate 
the levels of these parameters in hepatic tissue of 
rats. Our findings were in the agreement with 
previous studies reported by Ryter Alam et al. 
(2006) and Thangapandiyan Ramesh et al.(2019). 
Moreover, SFN modulates the mitochondrial 
redox indicators by decreasing the effect of 
hydrogen peroxide on lipid peroxidation as 
reported by Jardim F. R. et al. (2020).  

Cytochrome C concentration significantly 
increased in rats received DEN compared to 
silymarin control group, this is attributed to the 
mitochondrial damages in response to the 
continual generation of free radicals and JNK 
activation that caused mitochondrial membrane 
permeabilization and a release of cytochrome C 
(Wang 2014).On the other hand, the 
administration of a combination of SFN and 
silymarin  decreased the concentration of 
cytochrome C, because SFN induced   autophagy 
as a defense mechanism against cytosolic release 
of cytochrome c and apoptotic cell death 
(Herman-Antosiewicz Johnson et al.2006; Wang 
He et al.2015).In addition, silymarin decreased 
mitochondrial transmembrane potential of the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7183447/#B40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7183447/#B7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7183447/#B114
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cells, thereby increasing levels of cytosolic 
cytochrome C (Ramakrishnan G. and 
Raghavendran H. R. B et al.,2006). 

The respiratory chain comprises the 
nicotinamide adenine dinucleotide (NADH) 
dehydrogenase (complex I) , succinate 
dehydrogenase (SDH) (complex II), coenzyme Q-
cytochrome c reductase (complex III), and 
cytochrome c oxidase (complex IV)  besides the 
mobile electron transfer components ubiquinone 
(coenzyme Q10, which carries electrons from 
complexes I and II to complex III) and 
cytochrome c (a heme protein that transfers 
electrons from complex III to complex IV) (Chaban 
et al. 2014). Mitochondrial dysfunction is the most 
common complication of DEN induced hepatic 
injury. The overall mitochondrial respiratory 
complexes I,II,III and IV are inhibited by DEN as 
compared with silymarin control group (Husain, 
Latief et al. 2018). Inhibition of complex III can 
also frequently resulted in the generation of 
reactive oxygen species as a consequence of the 
intrinsic characteristics of the electron transfer 
process to this complex from reduced ubiquinone. 
According to our results, the respiratory 
complexes reactivated in groups of rats received 
SFN, silymarin or their combination compared 
DEN control group due to the ability of SFN and 
silymarin to scavenge reactive oxygen species 
generation (Herrera and Barbas,2001;Xia 
McGuffey et al.2005). De Oliveira et al. (2018b) 
concluded that the protective effect of SFN on 
complex I and V inhibited by silencing the 
transcription factor Nrf2 the H2O2-treated SH-
SY5Y cells.  

As a result of the reduction of oxidative stress, 
cabbage-extracted SFN, individually and in 
combination with silymarin, ameliorates liver 
functions of rats compared to DEN control group. 
Furthermore, a decrease in the production of the 
oxidative marker 8-hydroxydeoxyguanosine (8-
OHdG) in liver tissue of rats received SFN 
individually or in combination with silymarin 
indicates to improvement of liver. Our findings 
agreed with Kikuchi M et al.(2015) and (Sayed, 
Khalil et al. 2014)). (Montani, Kessebohm et al. 
2013)) suggested that 8-OHdG immunoreactivity 
in nuclei due to ROS overproduction which 
exceeded the cellular defense system and 
disrupted the cellular components including 
nucleic acids. Reactive oxygen species attacked 
DNA causes the production of stable covalent 
bonds and the subsequent formation of DNA 
adducts, such as 8-OHdG. A high 
immunoreactivity of caspase 3 is attributed to 

increase the activity of enzyme in apoptotic liver 
cells by the hypoxia ,beside Fas and / or TNF-
receptor activation that induces apoptosis 
resulting in extensive increase in caspase 3 
activity (Wang 2014).  

CONCLUSION 
Our findings revealed that cabbage-extracted 

SFN has a restorative potential against hepatic 
mitochondrial dysfunction induced by DEN in rats 
through its ability to raise the efficiency of 
respiratory chain complexes beside its antioxidant 
capacity. 
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