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1.  Introduction

Adriamycin is widely known to be used for the treatment 
of various type of cancers such as Hodgkin’s disease, 
non-Hodgkin lymphoma, acute leukemia, soft tissue and 
primary bone sarcomas, breast, ovarian, lung, uterine 
and cervical cancers [1]. Hepatotoxicity and genotoxicity 
have been documented in a variety of animal models 
to limit the clinical use of adriamycin [2,3]. Common 
mechanisms by which adriamycin induces hepatotoxicity 
and genotoxicity have been found to be through free 
radical generation and NO/cGMP pathway. 

Sildenafil, a phosphodiesterase (PDE)-5-inhibitor, 
has demonstrated potentials in the prevention of drug-
associated liver toxicity [4] and ROS-induced DNA 
damage [5] through the enhancement of the NO/cGMP 
pathway. Dysregulation of nitric oxide-cyclic guanosine 
monophosphate (NO-cGMP) system has been implicated 
in liver cirrhosis [6-8]. Guanylate cyclase activation by 
NO results in the formation of cGMP, which regulates the 
tonus of stellate cells and sinusoids [9,10]. However, PDE-
5 terminates this action by converting cGMP to inactive 
5′ - GMP [11,12].  Sequel to the association of PDE-5 with 
hepatotoxicity, it is worthy of note to explore intervention 
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of phosphodiesterase inhibitors especially the type 5 in 
drug-induced genotoxicity and hepatotoxicity. In this 
study, adriamycin was used as the toxicant and the effect 
of sildenafil at varied doses was investigated.

2.  Materials and Methods 

2.1 Chemicals and drugs 
Adriamycin (doxorubicin hydrochloride) was obtained 
from Korea United Pharm. Inc. Co. Ltd. (South Korea), 
sildenafil citrate was obtained from Zurius Lifesciences 
Pvt. Ltd. (India). Ellman’s reagent (5’5’-dithiobis-2-nitro 
benzoic acid), reduced glutathione (GSH), thiobarbituric 
acid (TBA) and trichloroacetic acid (TCA) were 
purchased from Sigma Chemical Company (St. Louis, 
MO, USA). Assay kits for determination of aspartate 
aminotransaminase (AST), alanine transaminase 
(ALT), alkaline phosphatase (ALP) and gamma-
glutamyl transferase (GGT) were obtained from Randox 
Laboratories (Crumlin, U.K.). Other reagents and 
chemicals used were of analytical grade.

2.2 Animals 
Male albino rats of the Wistar strain weighing 150 – 250 
g were purchased from a commercial private colony 
in Ibadan, Nigeria. They were housed in cages under 
standard laboratory conditions and maintained at ambient 
temperature and humidity with a 12 h light/12 h dark 
schedule and fed with commercially available rat pelleted 
feed and water ad libitum during the acclimatization 
and experimental periods. This study was carried out in 
compliance with standard guidelines for the Care and Use 
of Laboratory Animals [13].

2.3 Experimental design and necropsy
Rats were divided into six experimental groups of five 
rats per group. Rats in group I (negative control) received 
physiological saline (10 mL/kg, p.o.) while group II 
(positive control) was treated with adriamycin (20 mg/kg, 
i.p.). Rats in groups III – V were pretreated with sildenafil 
(5, 10 and 20 mg/kg/day, p.o.)  1 hour before adriamycin 
administration and group VI received sildenafil (20 mg/
kg/day, p.o.) only. All treatments were given for 7 days 
and rats were sacrificed by cervical dislocation 24 hours 
after the last treatment.  Blood samples were collected by 
ocular puncture into plain bottles prior to animal sacrifice 
and centrifuged at 3000 g at room temperature for 3 

minutes to separate serum. 

2.4 Micronuclei assay and histopathology
Immediately after euthanasia, bone marrow was flushed 
from both femurs of each rat using fetal calf serum and 
spread onto slides. Slides were coded and then air-dried, 
fixed with methanol and stained with maygrunward stain. 
Bone marrow cells were then examined microscopically 
and scored per animal for frequency of micronucleated 
cells in each of 5 animals per dose group. Similarly, a 
section of the liver was excised, fixed in formalin and 
processed for histopathology. 

2.5 Biochemical assessment 
Liver function was determined by measuring serum 
activities of AST, ALT, ALP and GGT. The activities of 
AST and ALT were determined following the principle 
described by Reitman and Frankel [14]. ALP and GGT 
activities were determined according to the method of 
Belfield and Goldberg [15] and Szasz [16] respectively. 
Total protein (TP) and albumin (ALB) concentrations 
were measured according to the principle based on 
Biuret [17] and bromocresol green reactions [18] 
respectively.  The biomarkers of oxidative stress, GSH 
and lipid peroxidation (estimated by the thiobarbituric 
acid reactive substance method and expressed in terms of 
malondialdehyde formed per milligram of protein) were 
measured according to the method described by Beutler 
et al. [19] and Varshney and Kale [20] respectively. 

3.  Statistical analysis

Data were expressed as mean ± standard error of mean. 
Analysis was by one-way analysis of variance using 
Statistical Package for Social Sciences software for 
Windows version 17 (SPSS Inc., Redmond, WA, USA) 
and graph pad prism 4. Post hoc testing for intergroup 
comparisons was performed using the least significant 
difference. P< 0.05 was considered significant. 

4.  Results

4.1 Assessment of liver function 

4.1.1 AST and ALT
The effect of various treatments on AST and ALT activities 
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(marker enzymes of liver function) is shown in Figure 
1. Adriamycin administered at 20 mg/kg significantly 
increased AST activity by 16.7% (P<0.01) and ALT 
activity by 8.1%   (P>0.05) when compared with control. 
Sildenafil at 5mg/kg significantly prevented this increase 
in AST and ALT activities by 18.7 % and 14.1 % (P<0.001, 
P<0.01), respectively in the ADR-treated rats.  Sildenafil 
at 10mg/kg reduced both AST and ALT levels by 8.1% and 
6.9% respectively (P>0.05) while 20mg/kg of sildenafil 
reduced AST and ALT levels by 10.6% and 3.1% (P>0.05), 
respectively, when compared with the group treated with 
ADR. Sildenafil administered alone at 20mg/kg produced 
no alteration on the AST activity while non-significant 
decrease of 6.8% was produced in ALT when compared 
with control group. 
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Figure 1: Effect of sildenafil on marker enzymes of liver function in control and adriamycin-treated 
rats. *p<0.05 when compared with control; **p<0.05 when compared with ADR-treated rats. SIL: 
Sildenafil, ADR: Adriamycin.Figure 1.    Effect of sildenafil on marker enzymes of liver 

function in control and adriamycin-treated rats. *p<0.05 
when compared with control; **p<0.05 when compared 
with ADR-treated rats. SIL: Sildenafil, ADR: Adriamycin.

4.1.2 ALP and GGT 
Adriamycin increased ALP activity by 10.0% though 
not statistically significant (P>0.05) when compared 
with control (saline) group. Treatment with the various 
doses of sildenafil produced no significant changes in 
the ALP activity between the groups when compared 
with ADR-treated group. Treatment with the highest 
dose of sildenafil (20mg/kg) significantly raised ALP 
activity by 16.0% when compared with control group. 
GGT activity was increased by 38.7% (P>0.05) in the 
ADR-treated group when compared with the control. 
Treatment with sildenafil (5mg/kg) resulted in a slight 
decrease (5.3%) in GGT activity while at 10 and 20mg/kg, 
sildenafil produced 2.1% and 51.6% increase, respectively, 
when compared with ADR-treated group. Highest dose 

of sildenafil when administered alone increased GGT 
activity by 77.4% (P>0.05) when compared with saline-
treated group [Figure 2].

Figure 2: Effect of sildenafil on reduced glutathione and lipid peroxidation in control and 
adriamycin-treated rats. *p<0.05 when compared with control; **p<0.05 when compared with 
ADR-treated rats. SIL: Sildenafil, ADR: Adriamycin.
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Figure 2.    Effect of sildenafil on reduced glutathione and 
lipid peroxidation in control and adriamycin-treated rats. 
*p<0.05 when compared with control; **p<0.05 when 
compared with ADR-treated rats. SIL: Sildenafil, ADR: 
Adriamycin.

4.1.3 TP and ALB 
In this study, administration of single dose of adriamycin 
(20mg/kg) and treatment with various doses of sildenafil 
produced no significant alterations on the concentrations 
of total protein. There was slight decrease of 4.9% 
(P>0.05) in albumin concentration following adriamycin 
administration when compared with the control group 
while sildenafil treatment at various doses had no 
considerable effect on albumin concentration when 
compared with ADR-treated group [Figure 3].

Figure 3: Albumin, total protein and cholesterol levels in control and sildenafil-treated adriamycin-
induced nephrotoxic rats. SIL: Sildenafil, ADR: Adriamycin, TC: Total cholesterol, TP: Total 
protein, ALB: Albumin.
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Figure 3.    Albumin, total protein and cholesterol levels 
in control and sildenafil-treated adriamycin-induced 
nephrotoxic rats. SIL: Sildenafil, ADR: Adriamycin, TC: 
Total cholesterol, TP: Total protein, ALB: Albumin.
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4.2 Markers of oxidative stress
The effect of sildenafil on ADR-induced changes in 
biomarkers of oxidative stress is shown in Figure 4. The 
hepatic GSH level was significantly depleted by 27.5% 
(P<0.05) while hepatic LPO was modestly increased by 
6.7% (P>0.05) in the ADR-treated group compared to the 
control group. ADR-induced decrease in hepatic GSH 
was significantly elevated by 254.0%, 187.4% and 195.4% 
at 5, 10 and 20mg/kg of sildenafil, respectively. Sildenafil 
treatment at 5mg/kg and 10mg/kg both showed slight 
increase in LPO (11.1%) though not significant, while at 
20mg/kg, there was no alteration in LPO when compared 
with group that received adriamycin alone.
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Figure 4: Effect of sildenafil on adriamycin-induced genotoxicity rats. Values are expressed as mean 
+ standard error of mean. *p<0.001 and **p<0.001 when compared with control and ADR-treated 
rats respectively. SIL: Sildenafil, ADR: Adriamycin.Figure 4.    Effect of sildenafil on adriamycin-induced 

genotoxicity in rats. Values are expressed as mean +standard 
error of mean. *p<0.001 and **p<0.001 when compared with 
control and ADR-treated rats respectively. SIL: Sildenafil, 
ADR: Adriamycin.

4.3 Histopathology
Representative photomicrographs of the liver histology of 
rats in the various treatment groups are shown in Figure 5. 
ADR hepatic toxicity was characterized by degeneration 
and severe central venous congestion of the hepatic 
cells. ADR-intoxicated rats treated with sildenafil (5mg/
kg) showed no visible lesions while those treated with 
sildenafil (10 mg/kg) exhibited mild portal congestion, 
with very mild periportal cellular infiltration. Those 
rats that received sildenafil alone at 20 mg/kg showed 
periportal cellular infiltration by mononuclear cells 

4.4  Assessment of genotoxicity (micronuclei 
assay)

The effect of sildenafil on adriamycin-induced 
genotoxicity is shown in Figures 4 and 6. The data 

presented showed that animals treated with adriamycin 
(20mg/kg) exhibited a significant (P<0.001) and high 
frequency of micronucleated polychromatic erythrocytes 
in bone marrow cells as compared with the control 
group. There was a slight, non-significant decrease in the 
number of micronucleated cells formed in the rats treated 
with sildenafil at a dose of 5mg/kg as compared with 
the adriamycin-treated group. However, at 10mg/kg of 
sildenafil, the decrease in the occurrence of micronucleated 
cells was high and significant when compared with group 
that received single dose of adriamycin (P<0.001). The 
treatment of rats with the highest dose (20mg/kg) of 
sildenafil led to an increase though not significant, in 
the number of micronucleated cells as compared with 
adriamycin-treated group. Rats treated with sildenafil 
only (20mg/kg) exhibited a significant high frequency of 
micronucleated cells as compared with the control.
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Figure 5: Liver section (×400) of rat treated with [A] normal saline (Control, 10 mL/kg) 
without visible lesion; [B] ADR (20 mg/kg) showing degeneration and severe central venous 
congestion; [C] ADR + SIL (5 mg/kg) showing no visible lesions; [D] ADR + SIL (10 mg/kg) 
showing mild portal congestion, with very mild periportal cellular infiltration; [E] ADR + SIL 
(20 mg/kg)  showing no lesions; [F] sildenafil (20 mg/kg) showing periportal cellular 
infiltration by mononuclear cells

Figure 5.    Liver section (×400) of rat treated with [A] normal 
saline (control, 10 mL/kg) without visible lesion; [B] ADR 
(20 mg/kg) showing degeneration and severe central venous 
congestion; [C] ADR + SIL (5 mg/kg) showing no visible 
lesions; [D] ADR + SIL (10 mg/kg) showing mild portal 
congestion, with very mild periportal cellular infiltration; 
[E] ADR + SIL (20 mg/kg) showing no lesions; [F] sildenafil 
(20 mg/kg) showing periportal cellular infiltration by 
mononuclear cells.

5.  Discussion

Previous studies have suggested a link between PDE 
inhibition and amelioration or protection against 
oxidative stress in both experimental models and human 
subjects. Milani et al. [21] reported the inhibitory effect 
of phosphodiesterase inhibitors against diabetes-induced 
oxidative stress in rats. In a similar study, Radfar et al. [22] 
observed a reduction in the level of oxidative stress in type 
II diabetic patients following treatment with pentoxifylline 
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in a randomized double-blind placebo-controlled clinical 
trial. Abdollahi et al. [23] also associated increase in 
intracellular levels of cGMP through PDE inhibition with 
a reduction in oxidative stress induced by cadmium in 
experimental model. Also, the ability of sildenafil to raise 
reduced glutathione level and inhibit lipid peroxidation 
during hepatic injury induced by paracetamol in rats 
has been demonstrated in a recent study [4]. These 
observations seem to support the possible link between 
PDE-5 inhibition and chemoprevention via antioxidant 
mechanisms.

Results from the present study suggest protective 
effect of sildenafil in adriamycin-induced hepatotoxicity 
rat model. This was evident from the suppression of the 
increase in serum levels of AST, ALT, ALP and GGT 
especially at 5 mg/kg dose of sildenafil. The highest dose 
of sildenafil (20 mg/kg) when administered alone raised 
the activities of ALP and GGT. Serum transaminases 
are known markers of liver damage. Mohan et al. 
[24] linked alteration of membrane permeability and 
transport function to injured hepatocytes. This was 
described as causing leakage of enzymes from the cells. 
Decrease in synthetic function of the liver was also 
demonstrated by decrease in serum ALB concentrations 
although sildenafil treatment had no considerable effect 
in preventing this reduction. This protective role played 
by sildenafil suggests involvement of PDE-5 activity in 
adriamycin-mediated hepatotoxicity and that sildenafil 
when administered at a minimal dose could be a useful 
pharmacological agent in the prevention of liver injury 
associated with this drug. Subjection of different PDE 
isozymes to manipulations by various pharmacological 
inhibitors has been shown to provide great therapeutic 
benefit in both immune-mediated and inflammatory 
conditions associated with liver pathology [25]. Since 
inhibition of PDE-5 by sildenafil contributes to increase 
in hepatic cGMP and NO levels, we could propose that 
NO-cGMP signaling pathway is an important mechanism 
that underlies the protective action of sildenafil against 
hepatotoxicity induced by adriamycin from our results.

Furthermore, sildenafil exhibited antioxidant 
potential in this study. The depleted hepatic GSH 
following adriamycin administration was significantly 
elevated by sildenafil at all doses used in this study. This 
hepatoprotection afforded by sildenafil could be related 
to its antioxidant properties as sildenafil has been shown 
to have a protective effect independent of the NO/cGMP 
pathway [26]. This antioxidant property of sildenafil could 

constitute a mechanism for the decrease of oxidative 
stress observed. Also, free radical neutralization has 
been attributed to sildenafil [27]. The slight increase in 
malondialdehyde level observed with sildenafil treatment 
at 5 and 10 mg/kg could be an adaptive response to lipid 
peroxidation induced by adriamycin. Histopathological 
examination of liver tissues showed that sildenafil at 
5 mg/kg and 10 mg/kg doses prevented disruption of 
the normal architecture, which was distorted following 
adriamycin administration. Normal liver architecture was 
observed in control animals whereas degeneration and 
severe central venous congestion of the hepatic cells were 
observed in adriamycin-treated group. 

The clastogenic effect produced by adriamycin was 
significantly reduced by pretreatment with sildenafil at 10 
mg/kg for 7 days. The antioxidant properties of sildenafil 
[21] could constitute a key mechanism for the decrease 
in micronuclei formation observed as exposure of cells 
to oxidative stress could result in DNA damage. This 
antioxidant activity could be mediated through inhibition 
of NADPH oxidase activity which subsequently increases 
antioxidant enzyme activities and intracellular levels 
of cGMP [28]. In addition, the inhibition of PDE5 by 
sildenafil is also a mechanism that results in decrease 
in genotoxicity [5]. This further lends credence to the 
involvement of NO/cGMP and phosphodiesterase 5 in 
genotoxicity. However, sildenafil when administered at 20 
mg/kg increased the frequency of micronuclei formation 
in polychromatic erythrocytes when compared to control. 
In conclusion, results from the present study suggest 
that sildenafil citrate at low doses through inhibition of 
PDE-5 may provide some chemopreventive benefits in 
adriamycin-induced hepatotoxicity and genotoxicity. 
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