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ABSTRACT: Corni Fructus, the fruit of Cornus 
officinalis Sieb.  et  Zucc.  (Cornaceae),  is  an 
important crude herb used in Chinese medicine 
to exhibit several biological activities, including 
hypoglycemic, antineoplastic, and antimicrobial 
effects, and to improve liver and kidney functions. 
We have been investigating the mechanism and 
bioactive constituents of Corni Fructus using 
diabetic animal models. Morroniside, loganin, 
and 7-O-galloyl-D-sedoheptulose, the main active 
compounds of Corni Fructus, exhibit the same 
lowering effects of elevated triglyceride, oxidative 
stress and advanced glycation endproduct (AGE) 
formation in the kidney of db/db mice. The effects 
of morroniside and 7-O-galloyl-D-sedoheptulose 
were mediated through modulation by renal sterol 
regulatory element binding proteins and nuclear 
factor-kappa B expression, but the effect of loganin 
was presumably mediated by hypoglycemic and 
antioxidant effects in the kidney, and also indirectly 
by the amelioration of metabolic disorders in 
other organs such as the liver. These findings led 
us to conclude that morroniside, loganin, and 
7-O-galloyl-D-sedoheptulose would synergistically 
contribute to the inhibition of metabolic disorders 
(hyperglycemia and dyslipidemia), oxidative stress, 
inflammation, as well as AGE formation in the 
diabetic kidney.

Keywords: Corni Fructus, morroniside, loganin, 
7-O-galloyl-D-sedoheptulose, db/db mice

1. Introduction

Diabetes mellitus is a major cause of mortality and 
morbidity worldwide, and its prevalence is increasing 
at an alarming rate. The prevalence of type 2 diabetes 
mellitus has been predicted to increase markedly 
during the next few years, reaching 300 million by 
2025 (1). The increasing prevalence of diabetes is 
largely due to the rapid spread of obesity, which is 
considered the most important risk factor for type 2 
diabetes mellitus (2). Type 2 diabetes, a predominant 
type of diabetes mellitus accounting for 90% of cases, 
is characterized by abnormal insulin secretion caused 
by impaired pancreatic β-cell function and insulin 
resistance in hepatic, adipose, and peripheral tissues 
(3). As a result of insulin resistance, aggravations 
of hyperglycemia and dyslipidemia occur, and, 
consequently, progressive damage to various tissues is 
induced in type 2 diabetes. Chronic hyperglycemia and 
dyslipidemia cause oxidative stress and inflammatory 
responses through the formation of advanced glycation 
endproducts (AGEs) (4,5), activation of the protein 
kinase C pathway (6,7), increased glucose flux through 
the polyol pathway (8), and the accelerated generation 
of reactive oxygen species (ROS) (9,10). The resulting 
glycative, glycoxidative, and carbonyl lipotoxicity and 
oxidative stress can play a key role in the pathogenesis 
of diabetes (11-14). Therefore, the attenuation of 
oxidative stress and regulation of hyperlipidemia have 
been considered as ways to alleviate diabetes and 
diabetic complications.
 Clinical evidence has suggested that the appropriate 
use of traditional Chinese medicines with modern 
Western medicinal, or mainstream antidiabetic 
drugs, can prevent or ameliorate the development of 
diabetic complications. Many diabetic patients choose 
alternative therapeutic approaches such as herbal or 
traditional Chinese medicine along with mainstream 
antidiabetic drugs, thus making alternative therapy for 
diabetes very popular (15). However, these medicines 
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usually have an insufficient scientific basis and the 
exact mechanisms behind their beneficial effects are 
unknown. Therefore, recently, based on a large number 
of chemical and pharmacological research studies, 
numerous bioactive compounds have been identified in 
Chinese medicinal plants for diabetes (16), and we have 
investigated the mechanism and bioactive constituents 
of Corni Fructus, the fruit of Cornus officinalis Sieb. et 
Zucc. (Cornaceae), in diabetic animal models.
 Corni Fructus is an important crude herb used in 
Chinese medicine. It is considered to be one of the 25 
plant-based drugs most frequently used in China, Japan, 
and Korea. It is known to exhibit several biological 
activities, including hypoglycemic, antineoplastic, 
and antimicrobial effects, and to improve liver and 
kidney functions (17-19). We previously reported that 
treatment with Corni Fructus for 10 days suppressed 
hyperglycemia, proteinuria, renal AGE formation, and 
related protein expressions, i.e., receptor for AGEs 
(RAGE), nuclear factor-kappa B (NF-κB), transforming 
growth factor-beta1, and Nε-(carboxymethyl)lysine 
(CML), in the same way as with aminoguanidine. 
However, improvement of the renal function, shown 
via serum creatinine and creatinine clearance, was 
superior to aminoguanidine treatment (20). In addition, 
the administration of Corni Fructus inhibited the 
elevation of both systolic and diastolic blood pressures, 
and lowered serum total cholesterol levels with a 
decrease in esterified cholesterol in the diet-induced 
hypercholesterolemia rat model (21). Moreover, the 
atherogenic index was decreased in a dose-dependent 
manner,  suggesting its protective role against 
cardiovascular disease through regulating cholesterol 
and lipoprotein levels (21). Therefore, Corni Fructus 
was suggested to have beneficial effects on diabetes 
and diabetic complications.
 The discovery of efficacious components is 
essential for clarification of the precise mechanisms of 
herbal medicines. However, studies on the biological 
activities of the active components in Corni Fructus are 
limited. Therefore, we have isolated the major active 
components of Corni Fructus by employing activity-
guided fractionation (Figure 1), and the effects of 
morroniside, loganin, and 7-O-galloyl-D-sedoheptulose 
(Figure 2) were assessed on glucose metabolism, AGE 
formation, oxidative stress, and inflammation in type 
2 diabetic kidney damage to identify their effects and 
mechanism of action in type 2 diabetes. This paper 
gives a review of our recent findings, with emphasis on 
the therapeutic potential of the active constituents of 
Corni Fructus against diabetic renal damage.

2. Effect of morroniside on renal damage in type 2 
diabetic mice

To investigate the effect of morroniside on type 2 
diabetic renal damage, we employed db/db mice. As 

an experimental model of obesity-associated type 2 
diabetes mellitus, db/db mice are widely used and well-
established (22,23). C57BLKS/J db/db mice develop 
diabetes due to a mutation of the mouse diabetes (db) 
gene that encodes a receptor for leptin. The lack of 
leptin-receptor signaling results in increased food 
intake in combination with a phenotype of reduced 
energy expenditure, reminiscent of the neuroendocrine 
starvation response (24). Consequently, homozygotes 
(db/db) after birth show uncontrolled eating behavior, 
become obese, and by 3-6 months after birth, 
develop severe insulin resistance associated with 
hyperinsulinemia, hyperglycemia, and hyperlipidemia. 
The db/db vehicle-treated group (n = 10) was orally 
administered water, while the other two groups (n = 10 
per group) were orally administered morroniside at a 
dose of 20 or 100 mg per kg body weight per day for 
8 weeks, respectively. The non-diabetic m/m mice (n = 
6) as a normal group were compared with the diabetic 
groups.
 Consistent with an earlier report (25), the body 
weight, food intake, and water intake of db/db mice in 
this study were markedly higher than those of m/m mice 
due to augmented food consumption in db/db mice. The 
administration of morroniside for 8 weeks led to no 
difference in body weight and food intake; however, the 
water intake was significantly reduced in morroniside 
100 mg/kg-treated mice (Table 1). These results 
suggest that the oral administration of morroniside may 
improve the typical diabetic symptom, an excessive 
intake of water. The serum glucose, triglyceride, and 
total cholesterol levels of db/db mice were markedly 
higher than those of m/m mice, but no significant 
changes in the glucose and total cholesterol levels were 
shown on morroniside administration (Table 2). On the 
other hand, the elevated serum triglyceride level was 
significantly decreased in morroniside-treated db/db 
mice in a dose-dependent manner (Table 2).
 Abnormal renal lipid metabolism is a major 
symptom of type 2 diabetes (26), and the renal glucose 
uptake is also markedly increased in type 2 diabetes 
(27). This could explain the accumulation of glucose 
and fatty acids noted in diabetic kidneys, and may play 
a role in the development of diabetic nephropathy (27). 
Sun et al. (28) reported that sterol regulatory element 
binding protein-1 (SREBP-1) expression was increased 
in the kidney cortex, resulting in the up-regulation 
of enzymes responsible for fatty acid synthesis and 
a high renal triglyceride content as a consequence, 
which was associated with mesangial expansion and 
glomerulosclerosis. The transcriptional activation 
of SREBP-1 can be up-regulated by insulin (29), 
glucose (10), and liver X receptor (30). The treatment 
of morroniside led to significant reductions of renal 
glucose, triglyceride, and total cholesterol contents 
in db/db mice (Figures 3A-3C), which suggested 
that morroniside effectively prevented the excessive 
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glucose supply and abnormal lipid accumulation in the 
kidney. Compared with vehicle-treated db/db mice, no 
alteration in PPARα expressions of renal tissue was 
shown in m/m mice (Figure 3D). However, morroniside 
administration significantly lowered the expression of 
proteins associated with lipid homeostasis, SREBP-1 
and SREBP-2, in the kidney of db/db mice (Figures 3E 
and 3F).
 Subsequently, the effects of morroniside on factors 
related to ROS and inflammation in renal tissues were 
investigated. Increased thiobarbituric acid-reactive 
substance (TBARS) formation and oxidative stress 
induced by ROS production and a reduced ratio of 
reduced glutathione (GSH) to oxidized glutathione 
(GSSG) are known to decrease insulin sensitivity 
and increase renal inflammation (31). In this study, 
TBARS and ROS levels also markedly increased in 
vehicle-treated db/db mice, and these biochemical 

Figure 1. Isolation of morroniside, loganin and 7-O-galloyl-D-sedoheptulose from (A) Corni Fructus extract and (B) 
fraction S1D2. The extract of Cornus officinalis (100 g), which was produced by Tsumura & Co. (Tokyo, Japan) was fractionated 
by SephadexTM LH-20 column chromatography (32 × 5 cm) with water containing increasing proportions of methanol (0-100%, 
10% stepwise gradient elution) and finally 60% acetone to give four fractions: S1 (94.52 g), S2 (1.20 g), S3 (2.15 g), and S4 
(1.55 g). The fraction S1 was further separated by DiaionTM HP-20SS column chromatography (28 × 5 cm) with water-methanol 
(0-100%, 10% stepwise gradient elution) to give S1D1 (85.64 g) and S1D2 (7.88 g). The structures of morroniside, loganin and 
7-O-galloyl-D-sedoheptulose were confirmed by the further purification and spectrometric identification.

Figure 2. Chemical structure of morroniside, loganin and 
7-O-galloyl-D-sedoheptulose.
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Table 1. Body weight, food intake and water intake

Group

m/m
db/db
    Veh
    M-20
    M-100

   Initial (g)

18.6 ± 1.8***

41.4 ± 0.3
42.5 ± 0.7
41.6 ± 0.4

   Final (g)

25.4 ± 0.9**

55.2 ± 2.4
57.9 ± 1.3
57.5 ± 1.3

Gain (g/8 weeks)

     6.4 ± 0.1**

   13.8 ± 1.2
   15.4 ± 0.7
   15.9 ± 0.5

Food intake (g/day)

      2.7 ± 0.2**

      7.0 ± 0.2
      7.4 ± 0.1
      6.6 ± 0.2

                                    Body weight
Water intake (mL/day)

         4.1 ± 0.2**

       15.4 ± 1.2
       15.4 ± 0.5
       11.6 ± 0.9*

m/m, misty; Veh, vehicle-treated db/db mice; M-20, morroniside 20 mg/kg body weight-treated db/db mice; M-100, morroniside 100 mg/kg body 
weight-treated db/db mice. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.

Table 2. Hematological analyses

Item

Glucose (mg/dL)
Triglyceride (mg/dL)
Total cholesterol (mg/dL)

        m/m

219.7 ± 12.0***

  89.6 ± 5.7***

  74.0 ± 1.3***

        Veh

765.2 ± 44.8
298.7 ± 24.6
168.5 ± 8.3

      M-20

753.8 ± 34.2
229.8 ± 24.8*

160.4 ± 11.2

     M-100

713.6 ± 32.3
175.4 ± 19.1**

173.8 ± 4.2

                                                   db/db

m/m, misty; Veh, vehicle-treated db/db mice; M-20, morroniside 20 mg/kg body weight-treated db/db mice; M-100, morroniside 100 mg/kg body 
weight-treated db/db mice. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.

Figure 3. The glucose, triglyceride and total cholesterol contents and the protein expressions related to lipid metabolism 
in the kidney. (A) Glucose content, (B) triglyceride content, (C) total cholesterol content, (D) PPARα expression, (E) SREBP-1 
expression, (F) SREBP-2 expression. m/m, misty; Veh, vehicle-treated db/db mice; M-20, morroniside 20 mg/kg body weight-treated 
db/db mice; M-100, morroniside 100 mg/kg body weight-treated db/db mice. The results are presented as the means ± S.E. (n = 6 or 
10). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.
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factors were significantly reduced by oral morroniside 
administration in a dose-dependent manner (Table 3). 
Also, the reduced ratio of GSH/GSSG in vehicle-treated 
db/db mice in the kidney was increased by morroniside 
treatment almost to the level of m/m normal control 
mice (Table 3).
 Hyperglycemia also causes oxidative stress due to 
the increased mitochondrial production of superoxide, 
including the depletion of NADPH and consequent 
disturbance of glutathione and nitric oxide metabolism. 
These oxidative stresses are responsible for the 
regulation of the transcriptional pathways of NF-κB 
(32), which is a transcription factor thought to play an 
important role in the onset of inflammation (33). NF-
κB activation can lead to the enhanced expression of 
proinflammatory cytokines, chemokines, adhesion 
molecules, inflammatory receptors, and inflammatory 
enzymes such as inducible nitric oxide synthase (iNOS) 
and cyclooxygenase-2 (COX-2) (34-36). Therefore, 
the modulation of NF-κB activation may provide 
a direct way of inhibiting inflammatory mediators 
(37). From the analysis of renal protein expression, 
the administration of morroniside could reduce the 
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elevated renal NF-κBp65, COX-2, and iNOS levels 
(Figure 4). These results suggest that the administration 
of morroniside can alleviate renal damage induced by 
ROS through the deactivation of NF-κB and subsequent 
restoration of the antioxidative state.
 In summary, morroniside has beneficial effects 
against type 2 diabetic renal damage mediated by a 
decrease in augmented concentrations of glucose, 
triglyceride, and cholesterol via the down-regulation 
of SREBP-1 and SREBP-2 proteins in the kidney of 
db/db mice. Also, morroniside ameliorated oxidative 
stress and its related inflammation in the kidney. 
Consequently, the protective role of morroniside 
against type 2 diabetic renal damage was suggested to 
be mediated by the amelioration of metabolic disorders 
including dyslipidemia, oxidative stress, and the 
inflammatory response.

3. Effect of loganin on renal damage in type 2 diabetic 
mice

To identify the effect of loganin on type 2 diabetic renal 
damage, db/db mice (n = 10 per group) were orally 

Table 3. Biomarkers associated with oxidative stress in kidney

Item

TBARS (nmol/mg protein)
ROS (Fluorescence/min/mg protein)
GSH (μmol/mg protein)
GSSG (μmol/mg protein)
GSH/GSSG

        m/m

  1.24 ± 0.03***

2,168 ± 33***

  7.44 ± 0.25***

  6.29 ± 0.43*

  1.20 ± 0.05***

         Veh

   1.90 ± 0.09
3,086  ± 185
   4.45 ± 0.15
   5.12 ± 0.31
   0.89 ± 0.05

      M-20

  1.54 ± 0.07**

2,017 ± 93***

  6.61 ± 0.30**

  6.24 ± 0.19*

  1.07 ± 0.06**

      M-100

  1.30 ± 0.06*

1,769 ± 53*

  7.41 ± 0.26***

  6.33 ± 0.10*

  1.17 ± 0.03***

                                                   db/db

m/m, misty; Veh, vehicle-treated db/db mice; M-20, morroniside 20 mg/kg body weight-treated db/db mice; M-100, morroniside 100 mg/kg body 
weight-treated db/db mice. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.

Figure 4. The protein expressions related inflammation in the kidney. (A) NF-κBp65 expression, (B) COX-2 expression, (C) 
iNOS expression. m/m, misty; Veh, vehicle-treated db/db mice; M-20, morroniside 20 mg/kg body weight-treated db/db mice; 
M-100, morroniside 100 mg/kg body weight-treated db/db mice. The results are presented as the means ± S.E. (n = 6 or 10). * p < 
0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.
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administered loganin at a dose of 20 or 100 mg per kg 
body weight per day for 8 weeks, respectively. The 
non-diabetic m/m mice (n = 6) as a normal group were 
compared with the diabetic groups.
 The db/db mice displayed typical phenotypes of 
obesity-induced diabetes with a marked increase in 
body weight gain, and food and water intakes. Although 
there were no changes in the body weight and water 
intake, food consumption was significantly reduced in 
loganin-treated groups after an 8-week experimental 
period (Table 4). The serum glucose, triglyceride and 
total cholesterol levels of db/db mice were markedly 
higher than those of m/m mice (Table 5). The loganin 
100 mg/kg-treated db/db mice showed a decrease in 
serum glucose (Table 5) presumably caused by the 
reduced food intake. Several studies have shown that 
just few days of caloric restriction can induce marked 
improvements in glycemic control (39). Furthermore, 
the 8-week administration of loganin to db/db mice 
significantly improved the serum lipid profile with 
dose-dependent reductions of triglyceride; however, the 
total cholesterol level remained unchanged (Table 5). 
The levels of glucose, triglyceride, and total cholesterol 
in the kidney of vehicle-treated db/db mice were 
significantly elevated compared to those of m/m mice 
(Figures 5A-5C), but loganin administration at 100 
mg/kg led to a marked decrease in the triglyceride level 
in the kidney of db/db mice (Figure 5B). However, 
compared with vehicle-treated db/db mice, no alteration 
in PPARα expressions of renal tissue was shown in 
m/m mice (Figure 5D). SREBP-1 and SREBP-2 protein 
expressions were markedly elevated in the kidney of 
vehicle-treated db/db compared with m/m mice (Figures 
5E and 5F), but there were no changes on loganin 
treatment. These results suggest that the lipid-lowering 
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effect of loganin may be mediated by its effect on other 
organs such as the liver.
 As shown in Table 6, the levels of TBARS and ROS 
in the kidney of vehicle-treated db/db mice were higher 
than those of m/m mice, whereas these enhanced levels 
were significantly reduced by loganin treatment nearly 
to the level of m/m mice. The db/db vehicle group 
showed significantly decreased GSH/GSSG ratios 
in the kidney compared with the m/m group, which 
resulted from the decreased GSH and increased GSSG, 
but this reduction in the GSH/GSSG ratio recovered 
nearly to the level of m/m mice on loganin treatment.
 The  two  d i s t i nc t ive  AGEs ,  CML and  N ε-
(carboxyethyl)lysine (CEL), are formed on proteins 
by glycoxidation and/or lipid peroxidation pathways. 
CML accumulates with TBARS in glomerular lesions, 
resulting in structural and functional alterations in 
extracellular matrix proteins (39). In addition, RAGE 
is activated by AGEs, and AGE-RAGE interaction 
increases ROS formation, with the subsequent 
activation of NF-κB and release of pro-inflammatory 
cytokines (40). In the present study, the enhanced 
renal protein expressions of NF-κB, COX-2, and iNOS 
in the kidney of db/db mice remained unchanged on 
loganin administration in db/db mice (Figures 6A-6C). 
The protein expressions of AGE-related proteins were 
enhanced in the kidneys of db/db mice at the age of 17 
weeks, but the oral administration of loganin attenuated 
the increase in CML accumulation (Figure 6E). 
Therefore, loganin was suggested to have no effect on 
the inflammatory damage in the kidney, but inhibited 
AGE accumulation possibly through hypoglycemic 
effect.
 In summary, loganin has a milder effect than 
morroniside against type 2 diabetic renal damage. 

Table 4. Body weight, food intake and water intake

Group

m/m
db/db
    Veh
    L-20
    L-100

   Initial (g)

21.4 ± 0.5**

39.6 ± 0.3
38.6 ± 0.6
38.5 ± 0.4

   Final (g)

27.1 ± 0.9**

52.7 ± 1.6
52.2 ± 1.4
50.9 ± 0.9

Gain (g/8 weeks)

     5.2 ± 0.6**

   13.7 ± 1.1
   13.5 ± 0.9
   11.6 ± 0.6

Food intake (g/day)

      3.2 ± 0.2**

      7.0 ± 0.1
      6.2 ± 0.1*

      5.7 ± 0.1*

                                   Body weight
Water intake (mL/day)

          3.8 ± 0.3**

        19.4 ± 4.0
        13.2 ± 0.1
        12.8 ± 0.1

m/m, misty; Veh, vehicle-treated db/db mice; L-20, loganin 20 mg/kg body weight-treated db/db mice; L-100, loganin 100 mg/kg body weight-
treated db/db mice. * p < 0.05, ** p < 0.001 vs. vehicle-treated db/db mice values.

Table 5. Hematological analyses

Item

Glucose (mg/dL)
Triglyceride (mg/dL)
Total cholesterol (mg/dL)

       m/m

206.2 ± 6.5**

  87.4 ± 5.4**

  82.4 ± 6.2**

        Veh

854.9 ± 24.3
303.4 ± 24.5
165.0 ± 11.2

         L-20

 809.5 ± 25.9
 163.2 ± 16.7**

 174.6 ± 9.7

     L-100

739.8 ± 38.1*

151.8 ± 14.2**

156.9 ± 4.9

db/db

m/m, misty; Veh, vehicle-treated db/db mice; L-20, loganin 20 mg/kg body weight-treated db/db mice; L-100, loganin 100 mg/kg body weight-
treated db/db mice. * p < 0.01, ** p < 0.001 vs. vehicle-treated db/db mice values.
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However, the administration of loganin led to the 
suppression of hyperglycemia through the inhibition 
of food intake. The effect of loganin on type 2 diabetic 
renal damage was suggested to be mediated by 
hypoglycemic and antioxidant effects in the kidney, 
and also indirectly by the amelioration of metabolic 
disorders including dyslipidemia, oxidative stress, and 
the inflammatory response in other organs such as the 
liver.

4. Effect of 7-O-galloyl-D-sedoheptulose on renal 
damage in type 2 diabetic mice

To identify the effect of 7-O-galloyl-D-sedoheptulose 
on type 2 diabetic renal damage, db/db mice (n = 10 
per group) were orally administered 7-O-galloyl-D-
sedoheptulose at a dose of 20 or 100 mg per kg body 
weight per day for 8 weeks, respectively. The non-
diabetic m/m mice (n = 6) as a normal group were 
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Table 6. Biomarkers associated with oxidative stress in kidney

Item

TBARS (nmol/mg protein)
ROS (Fluorescence/min/mg protein)
GSH (μmol/mg protein)
GSSG (μmol/mg protein)
GSH/GSSG

        m/m

  1.20 ± 0.02***

2,056 ± 34*

  8.45 ± 0.18*

  2.83 ± 0.08*

  3.00 ± 0.11***

         Veh

   1.37 ± 0.01
2,913  ± 216
   7.66 ± 0.24
   3.22 ± 0.11
   2.39 ± 0.09

         L-20

    1.29 ± 0.05
  1,704 ± 132***

    8.32 ± 0.19*

    2.73 ± 0.16*

    3.13 ± 0.17**

      L-100

  1.27 ± 0.03*

1,745 ± 142***

  8.62 ± 0.18**

  2.86 ± 0.10*

  3.04 ± 0.11***

db/db

m/m, misty; Veh, vehicle-treated db/db mice; L-20, loganin 20 mg/kg body weight-treated db/db mice; L-100, loganin 100 mg/kg body weight-
treated db/db mice. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.

Figure 5. The glucose, triglyceride and total cholesterol contents and the protein expressions related to lipid metabolism 
in the kidney. (A) Glucose content, (B) triglyceride content, (C) total cholesterol content, (D) PPARα expression, (E) SREBP-1 
expression, (F) SREBP-2 expression. m/m, misty; Veh, vehicle-treated db/db mice; L-20, loganin 20 mg/kg body weight-treated 
db/db mice; L-100, loganin 100 mg/kg body weight-treated db/db mice. The results are presented as the means ± S.E. (n = 6 or 
10). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice values.
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compared with the diabetic groups.
 As shown in the results, the initial, final, and gain of 
body weights, and the levels of food and water intake 
in db/db mice were significantly higher than those 
in m/m mice (Table 7). Compared with the vehicle-
treated db/db mice, the levels of body weight and food 
and water intake were not changed by 7-O-galloyl-D-
sedoheptulose treatment throughout the experimental 
period. The oral administration of 7-O-galloyl-D-

sedoheptulose affected its favorable influences on 
the serum lipid profile and on renal glucose and 
triglyceride (Table 8, Figures 7A and 7B). The effect 
of 7-O-galloyl-D-sedoheptulose treatment on renal 
functional parameters (creatinine and urea nitrogen) are 
summarized in Table 9. The serum levels of creatinine 
and urea nitrogen in db/db mice were significantly 
higher than in m/m mice. However, these elevated 
renal dysfunction parameters in db/db mice were 

Table 7. Body weight, food intake and water intake

Group

m/m
db/db
    Veh
    GS-20
    GS-100

  Initial (g)

22.1 ± 0.5**

40.0 ± 0.8
39.5 ± 0.9
40.2 ± 0.8

      Final (g)

   25.8 ± 0.8**

   49.2 ± 1.3
   45.9 ± 2.5
   49.7 ± 1.8

Gain (g/8 weeks)

     3.7 ± 0.3**

     9.2 ± 0.5
     6.4 ± 1.6
     9.6 ± 1.1

Food intake (g/day)

       2.9 ± 0.1**

       5.6 ± 0.2
       5.4 ± 0.2
       5.5 ± 0.1

Body weight
Water intake (mL/day)

       3.9 ± 0.3*

     13.2 ± 0.8
     13.4 ± 0.7
     12.8 ± 0.8

m/m, misty; Veh, vehicle-treated db/db mice; GS-20, 7-O-galloyl-D-sedoheptulose 20 mg/kg body weight-treated db/db mice; GS-100, 
7-O-galloyl-D-sedoheptulose100 mg/kg body weight-treated db/db mice. * p < 0.05, ** p < 0.01 vs. vehicle-treated db/db mice values.

Figure 6. The protein expressions related inflammation and AGEs in the kidney. (A) NF-κBp65 expression, (B) COX-2 
expression, (C) iNOS expression, (D) RAGE expression, (E) CML expression, (F) CEL expression. m/m, misty; Veh, vehicle-treated 
db/db mice; L-20, loganin 20 mg/kg body weight-treated db/db mice; L-100, loganin 100 mg/kg body weight-treated db/db mice. 
The results are presented as the means ± S.E. (n = 6 or 10). * p < 0.05, ** p < 0.01 vs. vehicle-treated db/db mice values.

230



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2010; 4(4):223-234. 

efficiently reduced by the 7-O-galloyl-D-sedoheptulose 
treatments. These results suggested the amelioration 
of renal dysfunction in db/db mice by 7-O-galloyl-D-
sedoheptulose treatment. Compared with db/db vehicle-
treated mice, no alteration in PPARα expressions of 
renal tissue were shown in m/m and 7-O-galloyl-D-
sedoheptulose-treated mice (Figure 7D). However, 
SREBP-1 and SREBP-2 protein expressions were 
markedly elevated in the kidney of vehicle-treated 
db/db compared with m/m mice (Figures 7E and 7F). 

The administration of 7-O-galloyl-D-sedoheptulose 
of 100 mg/kg completely normalized the increased 
expressions of renal SREBP-1; however, SREBP-2 
protein expressions remained unchanged in the kidney 
tissues (Figures 7E and 7F).
 Besides the beneficial effects on lipid metabolism, 
7-O-galloyl-D-sedoheptulose administration exerted 
an antioxidant effect. The elevated renal ROS and 
TBARS levels in db/db mice were lowered nearly to 
the level of m/m mice by 7-O-galloyl-D-sedoheptulose 

Table 8. Hematological analyses

Item

Glucose (mg/dL)
Triglyceride (mg/dL)
Total cholesterol (mg/dL)

       m/m

204.5 ± 13.3**

  56.8 ± 3.1**

115.9 ± 5.9**

        Veh

753.2 ± 33.9
242.6 ± 17.0
183.2 ± 11.3

     GS-20

722.9 ± 54.6
181.5 ± 14.7*

186.7 ± 14.2

   GS-100

775.6 ± 35.0
145.1 ± 13.6**

171.0 ± 9.4*

                                                   db/db

m/m, misty; Veh, vehicle-treated db/db mice; GS-20, 7-O-galloyl-D-sedoheptulose 20 mg/kg body weight-treated db/db mice; GS-100, 
7-O-galloyl-D-sedoheptulose 100 mg/kg body weight-treated db/db mice. * p < 0.05, ** p < 0.001 vs. vehicle-treated db/db mice values.

Figure 7. The glucose, triglyceride and total cholesterol contents and the protein expressions related to lipid metabolism 
in the kidney. (A) Glucose content, (B) triglyceride content, (C) total cholesterol content, (D) PPARα expression, (E) SREBP-1 
expression, (F) SREBP-2 expression. m/m, misty; Veh, vehicle-treated db/db mice; GS-20, 7-O-galloyl-D-sedoheptulose 20 mg/kg 
body weight-treated db/db mice; GS-100, 7-O-galloyl-D-sedoheptulose 100 mg/kg body weight-treated db/db mice. The results are 
presented as the means ± S.E. (n = 6 or 10). * p < 0.05, ** p < 0.01 vs. vehicle-treated db/db mice values.
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treatment at 100 mg/kg (Table 10). The db/db vehicle 
mice showed significantly decreased GSH/GSSG 
ratios compared with the m/m group, which resulted 
from the decreased GSH and increased GSSG in the 
kidney, but the reduction of the GSH/GSSG ratio in the 
kidney of db/db mice was not recovered on 7-O-galloyl-
D-sedoheptulose treatment (Table 10). 7-O-galloyl-
D-sedoheptulose administration showed inhibitory 
effects on the expression of an oxidative stress-induced 
transcriptional factor, NF-κB, in the kidney with the 
down-regulation of COX-2 and iNOS (Figures 8A-8C). 
These results showed that the anti-inflammatory effects 
of 7-O-galloyl-D-sedoheptulose may be associated with 
the down-regulation of COX-2 and iNOS followed by 
the inhibition of NF-κB transcription stimulated by 
oxidative stress in the kidney of type 2 diabetic mice. 
 The AGE-RAGE interaction activates transforming 
growth  fac tor-be ta1  s igna l ing  pa thways  and 
subsequently induces mesangial cell hypertrophy and 
glomerular sclerosis through fibronectin synthesis 
(41,42). Therefore, AGE accumulation in the kidney 
has been regarded as an index of progressive renal 
damage in diabetic complications. CML and CEL are 
well-characterized compounds that are commonly 
used as AGE markers (43). Particularly, CML is not 
only referred to as a glycoxidation product similar 
to pentosidine, but is also formed during the metal-
catalyzed oxidation of polyunsaturated fatty acids in the 
presence of protein (44). In the present study, not only 
the over-expression of AGE (CML and CEL) but also 
the higher levels of NF-κB in the kidney of db/db mice 
were alleviated by 8-week treatment with 7-O-galloyl-
D-sedoheptulose (Figures 8A, 8E, and 8F).
 In  summary,  7-O -gal loyl -D-sedoheptulose 
treatment improved the impaired kidney function in 

type 2 diabetic mice. The renoprotective effects of 
7-O-galloyl-D-sedoheptulose in diabetes were mediated 
by the lipid-lowering and anti-inflammatory effects 
through the modulation of renal SREBP-1 and NF-κB 
expressions, respectively, and the inhibition of AGE 
accumulation.

5. Conclusion and Perspectives

The antidiabetic effects and mechanisms of morroniside, 
loganin, and 7-O-galloyl-D-sedoheptulose in db/db 
mice, as type 2 diabetic mice, were investigated, with a 
focus on the kidney damage caused by hyperglycemia, 
dyslipidemia, inflammation, RAGE activation, and 
AGE formation. Morroniside, loganin, and 7-O-galloyl-
D-sedoheptulose showed the same lowering effects 
on elevated triglyceride, oxidative stress (TBARS 
and ROS) and AGE formation in the kidney of db/db 
mice. The effects of morroniside and 7-O-galloyl-D-
sedoheptulose were mediated by the modulation of 
renal SREBP and NF-κB expressions, but the effect of 
loganin was presumably mediated by the hypoglycemic 
and antioxidant effects in the kidney, and also indirectly 
by the amelioration of metabolic disorders in other 
organs such as the liver.
 In conclusion, two iridoid glycosides (morroniside 
and loganin) and one low-molecular-weight polyphenol 
(7-O-galloyl-D-sedoheptulose), the main active 
compounds of Corni Fructus, beneficially acted in 
type 2 diabetic model db/db mice through specified 
mechanisms, as summarized above. These findings 
allowed us to conclude that morroniside, loganin, and 
7-O-galloyl-D-sedoheptulose would synergistically 
contribute to the inhibition of metabolic disorders 
(hyperglycemia and dyslipidemia), oxidative stress, 

Table 9. Renal functional parameters

Item

Creatinine (mg/dL)
Urea-N (mg/dL)

      m/m

0.31 ± 0.01*

27.5 ± 0.8**

     Veh

0.46 ± 0.04
40.3 ± 1.9

    GS-20

0.38 ± 0.02*

40.1 ± 1.6

   GS-100

0.36 ± 0.02*

38.5 ± 1.1*

                                                  db/db

m/m, misty; Veh, vehicle-treated db/db mice; GS-20, 7-O-galloyl-D-sedoheptulose 20 mg/kg body weight-treated db/db mice; GS-100, 7-O-galloyl-D-
sedoheptulose 100 mg/kg body weight-treated db/db mice. * p < 0.05, ** p < 0.001 vs. vehicle-treated db/db mice values.

Table 10. Biomarkers associated with oxidative stress in kidney

Item

TBARS (nmol/mg protein)
ROS (Fluorescence/min/mg protein)
GSH (μmol/mg protein)
GSSG (μmol/mg protein)
GSH/GSSG

       m/m

  1.03 ± 0.06***

1,798 ± 149***

12.06 ± 0.72*

  2.30 ± 0.15
  5.01 ± 0.22**

        Veh

  1.62 ± 0.05
3,338 ± 222
  9.92 ± 0.36
  2.58 ± 0.12
  4.07 ± 0.08

      GS-20

  1.45 ± 0.04*

2,552 ± 124**

10.69 ± 0.17
  2.55 ± 0.02
  4.05 ± 0.09

     GS-100

  1.18 ± 0.08***

2,529 ± 105**

10.62 ± 0.35
  2.40 ± 0.09
  4.28 ± 0.22

                                                   db/db

m/m, misty; Veh, vehicle-treated db/db mice; GS-20, 7-O-galloyl-D-sedoheptulose 20 mg/kg body weight-treated db/db mice; GS-100, 
7-O-galloyl-D-sedoheptulose 100 mg/kg body weight-treated db/db mice. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db mice 
values.
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inflammation, as well as AGE formation in the diabetic 
kidney. The present study advances knowledge on 
the beneficial effects of bioactive constituents of 
Corni Fructus, as well as the possible development 
of therapeutic or preventive agents for diabetic 
complications.
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ABSTRACT: Recent large-scale transcriptome 
analyses have revealed a large number of transcripts 
with low protein-coding potential, known as non-
coding RNAs (ncRNAs). Many studies revealed that 
several long ncRNAs are involved in the regulation 
of genome organization and gene expression, or in 
the structural components of functional domains 
in the nucleus. As regulation of mRNA decay in the 
cytoplasm is crucial for controlling the abundance 
of cellular transcripts and the levels of protein 
expression, so regulation of long non-coding RNA 
decay in the nucleus is considered to be important for 
biological function. Although enzymatic pathways 
involved in cytoplasmic mRNA decay have been 
studied extensively, far less is known about those in 
nuclear long ncRNA decay. Here, we have investigated 
decay of metastasis associated lung adenocarcinoma 
transcript 1 (MALAT-1), which is a long (~ 8 kb) 
ncRNA that is misregulated in many human cancers 
and was shown to be retained specifically in the 
nucleus in nuclear speckles, as a model of nuclear 
long ncRNA in mammalian cells. We have found 
that the half-life of MALAT-1 ranges from ~ 9 h to 
> 12 h in various cancer cells. Moreover, Xrn2, PM/
Scl-75, PARN, and Mtr4, known nuclear RNases or 
RNA helicases, did not affect MALAT-1 degradation 
or single knockdown of these components did not 
change the MALAT-1 decay rate.

Keywords: Non-coding RNA, metastasis associated 
lung adenocarcinoma transcript 1 (MALAT-1), RNA 
degradation, cancer, nuclear speckle

1. Introduction

Most of the eukaryotic genome is transcribed, yielding 

a complex network of transcripts that include tens of 
thousands of long noncoding RNAs (ncRNAs) with 
little or no protein coding capacity. Recent studies 
revealed that several long ncRNAs in the nucleus are 
required for epigenetic silencing of multiple genes in 
cis within large chromosomal domains such as Xist, 
Air, and Kcnq1ot1 (1-3), or are essential structural/
organizational components of paraspeckles such as 
MENε/β (4-6). As regulation of mRNA decay in the 
cytoplasm is important for controlling the abundance of 
cellular transcripts and the levels of protein expression, 
so regulation of long ncRNA decay in the nucleus 
is considered to be important for their biological 
function. Although the enzymatic pathways involved 
in cytoplasmic mRNA decay have been studied 
extensively (7-9), far less is known about those in 
nuclear long ncRNA decay.
 Metastasis associated lung adenocarcinoma 
transcript 1 (MALAT-1), also known as NEAT2, is 
a long (~ 8 kb) ncRNA (10) which was shown to be 
retained specifically in the nucleus in nuclear speckles 
(11). It has domains that are thought to be involved in 
the assembly, modification, and/or storage of the pre-
mRNA processing machinery. MALAT-1 was originally 
identified as a transcript showing significant expression 
in individuals exhibiting high risk for metastasis of non-
small cell lung tumors (10), and subsequently showed 
broad expression in normal human and mouse tissues 
and is overexpressed in many human carcinomas, 
including those of the breast, pancreas, lung, colon, 
prostate, and liver (10-12). This implies that MALAT-1 
misregulation may play a role in the development of 
numerous cancers. The nascent MALAT-1 transcript is 
processed to yield two ncRNAs that localize to different 
subcellular compartments (13). Recently, several 
studies revealed that MALAT-1 is associated with cell 
invasion (14,15).
 In this study, we have investigated the decay of 
MALAT-1 as a model of nuclear long ncRNA in 
mammalian cells. We have found that the half-life of 
MALAT-1 ranges from ~ 9 h to > 12 h in various cancer 
cells. Moreover, we investigated whether nuclear 
nuclease components such as Xrn2, PM/Scl-75, PARN, 
and Mtr4 affect the decay rate of MALAT-1.
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2. Materials and Methods

2.1. Cell culture

H1299 (human lung cancer cells), H1975 (human lung 
cancer cells), and HT1080 (human fibrosarcoma cells) 
cells were cultured at 37°C in the presence of 5% CO2 

in RPMI-1640 medium (Wako) supplemented with 
10% fetal bovine serum and penicillin/streptomycin. 
A549 (human lung cancer cells) and HeLa Tet-off (TO) 
(human cervical cells) cells were cultured at 37°C in 
the presence of 5% CO2 in Dulbecco's Modified Eagles 
Medium (D-MEM) supplemented with 10% fetal 
bovine serum and penicillin/streptomycin.

2.2. siRNA treatment

siRNAs were purchased from SIGMA, Gene Pharms, or 
NIPPON EGT. The sequences of the siRNAs for Xrn2, 
PM/Scl-75, PARN, and Mtr4 are 5'-AAGAGUACAGA
UGAUCAUGUU-3', 5'-AACAUCGAGAGAUUUGUA
CUA-3', 5'-CCGCAACAAUAGUUUUACAGC-3', and 
5'-GCCUAUGCACUUCAAAUGATT-3', respectively. 
These siRNAs were transfected into each HeLa TO cell 
using Lipofectamine RNAiMAX (Invitrogen) according 
to the manufacturer's instructions. As controls, cells 
were transfected with control siRNA (SIGMA). 
Quantitative real-time reverse transcriptase PCR was 
used to determine whether RNA interference achieved 
significant depletion of each target sequence.

2.3. RNA isolation and Northern blot analysis

Total RNA was isolated according to the method 

of Chomczynski and Sacchi (16) at different times 
after the addition of 20 μg/mL of 5,6-dichloro-1-β-
D-ribofuranosylbenzimidazole (DRB). Total RNA (4 
μg) was resolved using 1% formaldehyde agarose gel 
electrophoresis under denaturing conditions and was 
transferred to a nylon membrane. RNA blots were 
stained with methylene blue to check for equal loading 
and transfer. Hybridization was performed using the 
ULTRAhyb (Ambion) with random primed [α-32P]dCTP-
labeled cDNA probes corresponding to MALAT-1 
and 7SK. Hybridization signals were visualized and 
quantified with a FLA-9000 (FUJIFILM).

2.4. Quantitative real-time reverse transcriptase PCR

Total RNA was reverse transcribed into cDNA using 
the QuantiTect Reverse Transcription Kit (Qiagen). 
cDNA was amplified using the following primers: 
Xrn2 forward (5'-CTTTTCCAGCAGCAAAGGTT-3') 
and reverse (5'-TGGAAGGCTGCATTCTGG-3'), 
PM/Scl-75 forward (5'-TCAGGATCTCATTTGGAA
CAGA-3') and reverse (5'-CACAGGAAACCTGTCC
AAGAA-3'), PARN forward (5'-GAAGGAAAAAG
GCCAAGAAATTA-3') and reverse (5'-GGCTGTTC
TTCGAGATGCTT-3'), Mtr4 forward (5'-GTTGAAG
GGTGTACACATGAGG-3') and reverse (5'-TCCAA
CTCGTGGTTTAAGTGG-3'), and GAPDH forward 
(5'-GCACCGTCAAGGCTGAGAAC-3') and reverse 
(5'-TGGTGAAGACGCCAGTGGA-3'). GAPDH was 
used for normalization. The SYBR® Premix Ex Taq™ 
II (Perfect Real Time) (TaKaRa) was used according to 
the manufacturer's instructions. Quantitative real-time 
reverse transcriptase PCR analysis was performed using 
a Thermal Cycler Dice Real Time System (TaKaRa).
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Figure 1. Decay of MALAT-1 in various 
cancer cells. MALAT-1 stability was assessed 
using DRB chase experiments, followed 
by Northern blot analysis. In the graph, 
MALAT-1 signal intensities were quantified 
and normalized to 7SK RNA in triplicate 
determinations. The error bars represent 
standard deviation.
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TO cells) by DRB chase experiments using 7SK RNA 
as a control (Figure 1). Since DRB specifically inhibits 
transcription elongation by RNA Polymerase II, 7SK 
RNA, which is transcribed by RNA Polymerase III, is 
stably transcribed. Half-lives of MALAT-1 in H1299, 
H1975, A549, HT1080, and HeLa TO cells were > 

3. Results and Discussion

3.1. MALAT-1 stability in various cancer cells

We first examined the decay of MALAT-1 in various 
cancer cells (H1299, H1975, A549, HT1080, and HeLa 

Figure 2. Decay of MALAT-1 after knockdown of several components by siRNA. HeLa TO cells were transfected with siRNA 
for (A) Xrn2, (B) Pm/Scl75, (C) PARN, or (D) Mtr4, and MALAT-1 stability was assessed using DRB chase experiments, followed 
by Northern blot analysis. In the graphs, MALAT-1 signal intensities were quantified and normalized to 7SK RNA in triplicate 
determinations. The error bars represent standard deviation.
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12, ~ 12, ~ 12, ~ 12, and 9 h, respectively. MALAT-1 
stabilities varied in various cancer cells. Interestingly, 
the half-life of MALAT-1 (~ 9 h) in HeLa TO cells 
is shorter than the median mRNA half-life (10 h) in 
human cells as described previously (17). This suggests 
that MALAT-1 may be actively degraded in HeLa 
TO cells. AU-rich elements (AREs) are present in the 
3'-untranslated regions (3'-UTRs) of mRNA encoded 
in so-called early response genes, such as many proto-
oncogenes, growth factors, and cytokines (18). AREs 
are recognized as the common RNA destabilizing 
element in mammalian cells. Interestingly, we found 
that MALAT-1 contains 21 AREs, and these are 
predominantly located in the 5'-untranslated regions 
(5'-UTRs). AREs encoded in MALAT-1 might be 
involved in fast degradation.

3.2. Knockdown of Xrn2, PM/Scl-75, PARN, and Mtr4 
in HeLa TO cells

To investigate the contributing components to 
degradation of MALAT-1 in HeLa TO cells, we targeted 
Xrn2, PM/Scl-75/Rrp45, Poly(A)-specific ribonuclease 
(PARN), and Mtr4.  Xrn2 is  a nuclear 5 '- to-3 ' 
exonuclease (19). PM/Scl-75 is a core component of the 
exosome, which is a complex of 3'-to-5' exonucleases 
(20). PARN is a deadenylation nuclease that was found 
largely in the nuclear fraction (21). Mtr4 is a putative 
RNA helicase, and is part of the recently identified 
TRAMP complex, which is required for the activation 
of the nuclear exosome in vivo by polyadenylation of 
target RNAs in yeast (22,23). Each siRNA for these 
components was introduced into HeLa TO cells, and 
the MALAT-1 decay rates in these cells were examined 
using Northern blot analysis. The siRNA of each target 
sequence was effective because knockdown of Xrn2, 
PM/Scl-75, PARN, or Mtr4 reduced each transcript 
level to 17, 13, 9, and 24%, respectively. However, 
the depletions of these components did not change the 
MALAT-1 decay rate (Figure 2). These results suggest 
that Xrn2, PM/Scl-75, PARN, Mtr4 did not affect 
MALAT-1 degradation or single knockdown of these 
components did not change the MALAT-1 decay rate.
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ABSTRACT: A new heterobifunctional (succinimidyl 
carbonate, SC)-activated poly(ethylene glycol) 
(PEG) with a reversible 1,6-elimination linker 
and a terminal alkyne for "click" chemistry 
was synthesized with high efficiency and low 
polydispersity. The α-alkyne-ω-hydroxyl PEG 
was  f irs t  prepared us ing  tr imethyls i ly l -2-
propargyl alcohol as an initiator for ring-opening 
polymerization of ethylene oxide followed by 
mild deprotection with tetrabutylammonium 
fluoride. The hydroxy end was then modified 
with diglycolic anhydride to generate α-alkyne-
ω -carboxyl ic  ac id  PEG.  The  revers ib le  1 , 
6-elimination linker was introduced by conjugation 
of a hydroxymethyl phenol followed by activation 
with N,N'-disuccinimidyl carbonate to generate 
the heterobifunctional α-alkyne-ω-SC PEG. The 
terminal alkyne is available for "click" conjugation 
to azido ligands via 1,3-dipolar cycloaddition, and 
the succinimidyl carbonate will form a reversible 
conjugate to amines (e.g. in proteins) that can 
release the unaltered amine after base or enzyme 
catalyzed cleavage of the 1,6-linker.

Keywords: PEGylation, heterobifunctional PEG

1. Introduction

Poly(ethylene glycol) (PEG) is often employed as 
a solubilizer for poorly water soluble drugs. The 
conjugation of PEG, or PEGylation, is known to increase 
in vivo blood circulatory time, reduce immunogenicity, 
and improve stability and pharmacological properties of 
both small molecule and large biological drugs, including 
peptides, proteins, viruses, enzymes, and DNAs. The 

majority of these systems utilize monofunctional 
PEG with only one reactive terminal group, such as 
a hydroxy, amine, thiol, aldehyde, carboxylic acid, or 
activated variants. Targeted drug delivery systems using 
PEGylated therapeutics require two reactive termini on 
the PEG, i.e., α,ω-heterobifunctional PEG; one bound to 
the therapeutic and the other available for conjugation 
to targeting ligands, such as peptides, antibodies, or 
proteins. Unfortunately, most commercially available 
PEGs are not suitable for high extents of PEGylation 
because they form irreversibly conjugates that may 
hinder activity of the therapeutic cargo. Furthermore, 
delicate targeting antibodies must be conjugated under 
aqueous conditions, and most available linkers are 
not suitable for heterogeneous conjugation in aqueous 
milieu.
 The 1,3-dipolar cycloaddition reaction (termed 
"click" chemistry) between alkyne and organic azides, 
which yields the corresponding 1,2,3-triazoles, is 
highly chemoselective and can be performed under 
mild reaction conditions in aqueous buffers within a 
wide pH range. Several publications have reported the 
application of click chemistry to label proteins (1-3), 
modify viruses (4), synthesize a "clickable" PEG-
dendrimer (5), and introduce biological ligands onto 
the surface of liposomes (6) and Au nanoparticles (7). 
Recently Kataoka and coworkers reported an azide-
terminated PEG that could be used in click reactions 
with alkyne-bearing ligands (8).
 A reversible 1,6-elimination PEG linker was 
reported by Greenwald et al. (9,10), and lysozyme 
was conjugated onto the PEG via the ε-amino group 
of lysine residues. Under physiological conditions, the 
unaltered lysozyme was released after enzymatic or 
hydrolytic cleavage of the 1,6-linker.
 Heterobifunctional PEGs combining a "clickable" 
termini and reversible amine conjugation offer novel 
possibilities for the PEGylation and targeting of both 
small molecule and large bimolecular drugs.

2. Materials and Methods

All chemicals were obtained from Fisher Scientific 
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(Pittsburgh, PA, USA) or Sigma-aldrich (St. Louis, 
MO, USA) and used as received unless stated 
otherwise. Ethylene oxide was purchased from Balchem 
Corporation (New Hampton, NY, USA), refrigerated, and 
used within 3 months of receipt. Dichloromethane (DCM) 
and tetrahydrofuran (THF) were distilled under argon 
immediately before use. All reactions were conducted 
under an atmosphere of dry argon in flamed glassware. 
NMR spectra were taken on a 400-MHz Bruker and 
chemical shifts δ are reference to TMS in ppm.
 Synthesis of α-alkyne-ω-hydroxyl PEG (1). 
The following procedure is for 4,500 Da PEG; other 
lengths were synthesized similarly. Freshly sublimated 
naphthalene (3 mmol), potassium (3 mmol), and 
THF (20 mL) were mixed in a dry 250-mL two-
neck flask. After 24 h, the solution turned to dark 
green and was then diluted with THF (40 mL). The 
3-trimethylsilyl-2-propargyl alcohol (TMSP, 3 mmol) 
was dried overnight over calcium hydride, vacuum 
distilled, and added into the flask. The solution was 
stirred for 24 h and transitioned to lime green as the 
initiator was formed. Ethylene oxide was freshly 
distilled over calcium hydride and added via a cold 
syringe. The reaction proceeded for 72 h at 20°C. The 
produced α-trimethylsilyl-propargyl-ω-hydroxyl PEG 
was precipitated from THF in cold diethyl ether three 
times and dried under vacuum. The alkyne termini was 
deprotected by addition of tetrabutylammonium fluoride 
(Bu4NF•3H2O or TBAF, 1.6 mmol) to a solution of 
α-trimethylsilyl-propargyl-ω-hydroxyl PEG (1.5 mmol) 
in 35 mL of THF with stirring for 3 h at 20°C (11). The 
solution was concentrated under reduced pressure and 
filtered through a short silica pad to remove TBAF. The 
yield of polymer 1 after purification was 48% (3.4 g). 
 Synthesis  of  α -alkyne-ω -carboxylic  acid 
PEG (2). Diglycolic anhydride (5.6 mmol) and 
4-dimethylaminopyridine (DMAP, 5.6 mmol) were 
added to a solution of 1 (0.70 mmol) in DCM (32 
mL) and stirred at 20°C for 24 h. The solution was 
concentrated under reduced pressure, and polymer 
2 was precipitated in cold diethyl ether, filtered, and 
crystallized from DCM (ca. 2 mL) with isopropyl 
alcohol (IPA) (ca. 10 mL). The yield after purification 
was 95%. 1H NMR (CDCl3): δ 3.48 (t, J = 2.5 Hz, 
CHCCH2–), 3.60-3.77 (br s, –CH2CH2–), 3.83 (d, J = 3.5 
Hz, CHCCH2–), 4.22 (t, J = 3.2 Hz, –CH2CH2OOC–), 
4.23 (s, –OCH2COOH), 4.32 (s, –OOCCH2O–).
 Synthes is  of  α -a lkyne-ω - th iazol id ine-2-
thione PEG (3). The carboxyl terminal of 2 was 
activated with a thiazolidine-2-thione by addition of 
2-mercaptothiazoline (2-MT, 2.1 mmol) and DMAP 
(2.1 mmol) to a solution of 2 (0.68 mmol) in DCM 
(31 mL), chilling on ice to 0°C, and then adding 
1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide 
hydrochloride (EDC, 2.1 mmol). After 20 min, the 
solution was warmed to 20°C and stirred for 24 h. The 
polymer 3 was precipitated from DCM with ice cold 

diethyl ether, filtered, and crystallized from IPA. The 
yield of 3 was 87%. 1H NMR (CDCl3): δ 3.42 (t, J = 7.7 
Hz, –NCH2CH2S–), 3.46 (t, CHCCH2–), 3.58-3.76 (br s, 
–CH2CH2–), 3.82 (d, J = 3.5 Hz, CHCCH2–), 4.22 (t, J 
= 3.2 Hz, –CH2CH2OOC–), 4.28 (s, –OCH2CON–), 4.31 
(s, –OOCCH2O–), 4.63 (t, J = 7.3 Hz, –NCH2CH2S–).
 Synthesis of 4-hydroxymethyl-2,6-dimethylphenol 
(4). A solution of 2,6-xylenol (70 mmol), 37% 
formaline (140 mmol), and NaOH (70 mmol) was 
mixed at 20°C for 18 h, forming a crystalline mass. 
Acetic acid (100 mmol) in 50 mL water was added into 
the mixture, and the orange/yellow solids were removed 
by filtration. The filtrate was extracted four times with 25 
mL of DCM giving the colorless crystalline 4 (1.5 g, 18% 
yield) after vacuum drying (12). 1H NMR (acetone-d6): 
δ 2.19 (s, 6H, ArCH3), 3.81 (s, 1H, ArCH2OH), 4.44 (s, 
2H, ArCH2OH), 6.90 (s, 2H, Ar protons), 7.09 (s, 1H, 
ArOH).
 Synthesis of α-alkyne-ω-dimethylphenyl alcohol 
PEG (5). To a solution of polymer 3 (0.55 mmol) in 25 
mL of DCM was added 4 (3.3 mmol) and DMAP (3.3 
mmol). After stirring at 20°C for 24 h, the solution was 
concentrated under reduced pressure and precipitated 
in ice cold diethyl ether, filtered, and crystallized from 
IPA. The yield of polymer 5 after purification was 
87%. 1H NMR (CDCl3): δ 2.13 (s, 6H, ArCH3), 3.48 (t, 
J = 2.5 Hz, CHCCH2–), 3.60-3.77 (br s, –CH2CH2–), 
3.83 (d, J = 3.5 Hz, CHCCH2–), 4.19 (t, J = 3.2 
Hz, –CH2CH2OOC–), 4.25 (s, –OCH2COOH), 4.27 
(s, –OOCCH2O–), 4.64 (s, ArCH2OH), 7.07 (s, Ar 
protons).
 Synthesis of α-alkyne-ω-(succinimidyl carbonate, 
SC) PEG (6).  Pyridine (PyD, 1.9 mmol)  and 
disuccinimidyl carbonate (DSC, 1.9 mmol) were 
added to a solution of polymer 5 (0.47 mmol) in 21 
mL of DCM and 8.9 mL of DMF, and mixed at 20°C 
for 24 h. The mixture was concentrated under reduced 
pressure and precipitated in ice cold diethyl ether three 
times, filtered, and crystallized from IPA to yield 2 g 
of polymer 6 (94 % yield). 1H NMR (CDCl3): δ 2.15 
(s, ArCH3), 2.81 (s, –CH2CH2– of NHS), 3.48 (t, J = 
2.5 Hz, CHCCH2–), 3.60-3.77 (br s, –CH2CH2– of 
PEG), 3.83 (d, J = 3.5 Hz, CHCCH2–), 4.19 (t, J = 3.2 
Hz, –CH2CH2OOC–), 4.25 (s, –OCH2COOH), 4.27 
(s, –OOCCH2O–), 5.33 (s, ArCH2OCO–), 7.07 (s, Ar 
protons). 
 Synthesis of azidoacetic acid. Azidoacetic acid 
was synthesized according to a reported procedure (13). 
In a 100-mL round-bottom flask, a solution of 0.5 mol 
NaN3 (1.43 g, 22 mmol) in freshly distilled DMSO 
(44 mL) was stirred for 24 h at 20ºC under argon. 
Bromoacetic acid (2.78 g, 20 mmol) was added into 
the above NaN3/DMSO solution, and the reaction was 
monitored by a Fourier transform infrared spectroscopy 
(Nicolet 510P FT-IR Spectrometer, Waltham, MA). The 
reaction mixture was quenched with 100 mL of H2O 
and extracted three times with diether ether (60 mL); 
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2-propargyl alcohol and potassium naphthalene. 
The trimethylsilyl terminal of the PEG chain can be 
deprotected with tetrabutylammonium fluoride, leaving 
alkyne exposed as one terminal, which can undergo 
1,3-dipolar cycloaddition to azides (Figure 1). The gel 
permeation chromatography (GPC) analysis revealed 
that the resulting α-alkyne-ω-hydroxyl PEG had a 
number average molecular weight (Mn) of 4,546, and a 
polydispersity index (PI, Mw/Mn) of 1.045 (Table 1).
 In order to modify polymer 1, the hydroxyl end 
was conjugated with diglycolic anhydride to generate 
α-alkyne-ω-carboxylic acid PEG (polymer 2). The 
single peak at δ 4.23 (s, –OCH2COOH) on the NMR 
spectra demonstrated the successful conversion of 
hydroxyl end to carboxylic acid terminal. In order to 
introduce the 1,6-elimilation moiety into the PEG, 
the carboxyl terminal of 2 was first converted into 
a thiazolidine-2-thione followed by the acylation of 
the phenolic hydroxyl group on 4-hydroxymethyl-2, 
6-dimethylphenol (compound 4). The acylation reaction 
selectively occurred at the phenolic –OH because 
under basic conditions, the phenolate anion was more 
nucleophilic compared to the primary benzyl alcohol 
(15). The PEG benzyl alcohol (compound 5) was 
activated by disuccinimidyl carbonate in the presence 
of pyridine as base. The activated α-alkyne-ω-SC PEG 
(compound 6) can easily couple to amino-containing 
ligands such as proteins via a carbamate bond under 
mild reaction conditions (16).
 Physical  characterizations of the produced 
α-alkyne-ω-SC PEGs are given in Table 1. Three 
different molecular weights of 5, 16 and 80 kDa were 
synthesized with narrow polydispersities (PI < 1.25). 
As the molecular weight of the PEG linker increased, 
the PI slightly increased. This was most likely due 
to side reactions during ring-opening polymerization 
and chain breakage during repeated precipitation and 
crystallization steps.
 The reported PEG linker has functional termini of 
alkyne and succinimidyl carbonate. The SC terminus 
can form carbamate conjugates with the primary amines 
of proteins, i.e., amine or lysine or the N-terminus, 
while the alkyne terminus can undergo 1,3-dipolar 
cycloaddition, i.e., "click" reaction, with azido ligands 
to form 1,2,3-triazoles, such as modified targeting 
proteins, antibodies, or peptides. The model fluorescent 
dye IR820 azide (compound 7) was "click" conjugated 
to α-alkyne-ω-SC PEG (Mn 5,000) in aqueous solution 
using an in situ formed copper (I) salt as the catalyst. 
The α-IR820-ω-SC PEG conjugate (compound 8) 
had excitation and emission wavelengths at 585 nm 
and 605 nm, respectively, indicating the successful 
conjugation of IR820 azide and α-alkyne-ω-SC PEG 
since the free IR820 had a maxima excitation of 710 
nm and emission of 820 nm. GPC analysis of α-IR820-
ω-SC PEG conjugates (Figure 2) showed conjugation 
of IR820 azide to alkyne-terminal PEG as indicated 

the organic layer was then washed with H2O (2 × 100 
mL) and brine (100 mL), dried over MgSO4, filtered, 
and rotavaped to yield a light yellow liquid. 1H NMR 
(CDCl3): δ 3.97 (s, –COCH2–), 10.82 (s, HOCO–). The 
characteristic absorption was found at 2,117 cm-1, which 
was a vibration of the N3 group in the FTIR spectra.
 Synthesis of α-IR820-ω-SC PEG conjugates (8). 
The IR820 diamine was produced by mixing IR 820 
(85 mg, green solid, 0.1 mmol) and 1,3-diaminopropane 
(0.89 g, 12 mmol) in anhydrous DMF (5 mL). The 
reaction was monitored by thin layer chromatography 
(TLC) and the product was purified on silica gel 
(EtOAc:MeOH, 1:1). The IR820 diamine (13 mg, 
14.65 nmol) in 0.5 mL of anhydrous DMF was reacted 
with azidoacetic acid (1.4 mg, 13.95 nmol) in the 
presence of DMAP (0.85 mg, 6.98 nmol) and N,N'-
dicyclohexylcarbodiimide (3.45 mg, 16.74 nmol) at 
20ºC under argon. The product IR820 azide 7 was dried 
under vacuum and used without further purification. 
According to the "click" method of Rostovtsev et al. 
(14), the Huisgen 1,3-dipolor cycloaddition of IR820 
azide 7 (13 mg, 13.40 nmol) and alkyne-terminal PEG 
6 (Mn 5,000, 59 mg, 12.18 nmol) proceeded in the 
presence of 1 mol% copper (II) sulfate and 5 mol% 
sodium ascorbate in a mixture of water and tert-butyl 
alcohol (2:1, v/v) at room temperature overnight. The 
reaction mixture was dialyzed against H2O (1,000 
MWCO; Pierce, Rockford, IL) until no color was 
present in the dialysate. The resulting α-IR820-ω-SC 
PEG conjugate (compound 8) was lyophilized and 
stored at –20ºC in a desiccator. 
 Polymer analysis .  Molecular  weights  and 
distributions were determined using a Shimadzu 
2010HCT system with a Shimadzu RID-10A refractive 
index detector and the Shimadzu EZStart 7.4 software. 
Samples (100 μL) were applied to a Shodex GPC 
LF804 column using N,N-dimethylformamide with 10 
mM LiCl as the mobile phase (0.8 mL/min, 40°C). The 
calibration curve was generated with PEG standards 
from Scientific Polymer Products (Ontario, NY).
 Analysis of α-IR820-ω-SC PEG conjugates. The 
excitation and emission wavelengths of α-IR820-ω-SC 
PEG conjugates (1 mg/mL in MeOH) were determined 
on a Shimadzu RF-5301PC spectrofluorophotometer. A 
Shimadzu 2010HCT system coupled with a Shimadzu 
RID-10A refractive index detector and a Waters 2475 
multi wavelength fluorescence detector along with a 
Shodex GPC LF804 column was used to confirm the 
successful conjugation of the IR820 azide and alkyne-
terminal PEG.

3. Results and Discussion

The alkyne PEG was synthesized by the anionic ring-
opening polymerization of ethylene oxide initiated by 
potassium trimethylsilyl-propynyl-olate, which was 
formed in situ by the reaction between 3-trimethylsilyl-
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by the fluorescent peak coeluting with the polymer 
(RI detection) at around 11.5 min; by contrast, no 
fluorescent peak was observed for the unconjugated 
α-alkyne-ω-SC PEG (data not shown). 
 In vivo, the reversable PEG linker system is known 
to cleave at a predictable rate by enzymatic cleavage, 
followed by a rapid 1,6-benzyl elimination reaction 
to release intact proteins or drugs (9,10,15,17). The 
hydrolytic rate of the PEG revisable linker can be 
regulated by modifying the chemistry of the phenol 
ring, for example, the introduction of the steric 
hindrance via the 2,6-dimethyl substitution on the 
phenol ring resulted in a longer plasma t1/2 of PEG-

amphotericin B and PEG-Daunorubicin, compared with 
no substitution on the phenol ring (15,18). In addition, 
the release rate of the conjugated proteins and drugs 
was closely related with the number of PEG strands 
used. It was reported that in the PEG-lysozyme system, 
intact lysozyme was released more rapidly from the 
single PEG strand conjugates than the multistrand 
conjugates (9,10).
 Biopharmaceuticals such as proteins, antibodies, 
and peptides had a 24% market share in 2007, with 18 
drugs reaching "blockbuster" status with $1 billion-plus 
sales (19). PEGylation has become an important tool to 
improve residence time and stability of biotech drugs 
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             5 kDa

  Mn                  PI

4,853             1.124α-alkyne-ω-SC PEG

Table 1. Molecular weight and polydispersities of α-alkyne-ω-SC PEG by gel permeation chromatography

           16 kDa

   Mn                 PI

16,113           1.206

            80 kDa

  Mn                  PI

80,105           1.231

Figure 1. Synthesis of reversible "click" PEG and IR820 conjugates.
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in the body (20); however, the site of PEG conjugation 
cannot be controlled if multiple sites are available, 
which may negatively impact drug efficacy. Reversible 
linkers can overcome this limitation by restoring the 
native molecule after cleavage. In addition, most 
biologicals require relatively high concentrations since 
they are competing for binding sites with endogenous 
ligands, so the addition of targeting ligands to diseased 
tissues may further improve efficacy. The reported 
heterobifunctional, reversible "click" poly(ethylene 
glycol) may be useful as a single agent for both 
protection and targeting of biologicals.
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ABSTRACT: The damaging consequences of 
oxidative stress are known to be involved in several 
pathologies. So, the development of new drugs 
that can aid cells to cope with excessive levels of 
free radicals still assumes great relevance. Here, 
we investigated the antioxidant properties of 
four novel di(hetero)arylamines (named MJQ1, 
MJQ3, MJQ4 and MJQ5), sharing a common 
benzo[b]thiophene nucleus (an indole analogue), 
against oxidative damage induced to H9c2 myoblasts. 
Cell proliferation, evaluated by the sulforhodamine 
B assay, was not compromised by the presence of 
any of these compounds for concentrations below 
50 μM (at 24 h) and 1 μM (72 h). Moreover, all of 
them showed a dose-dependent protective effect 
against tert-butylhydroperoxide (t-BHP)-induced 
cell death for concentrations in the nanomolar 
range. Their ability to scavenge free radicals seems 
to account for their protective effects, as they were 
able to prevent almost completely, at 25 nM, t-BHP-
induced intracellular ROS formation, assessed by 
DCF fluorescence. Furthermore, their relatively high 
partition coefficient values are indicative of their 
ability to easily permeate lipid membranes and act 
intracellularly. Additionally, these novel diarylamines 
led to a reduction, between 60-70%, of the amount 
of DNA strand breaks induced by t-BHP, evaluated 
by the Comet assay, and lipid peroxidation (TBARS 
assay) induced by the oxidant pair ascorbate/iron. 
In all these parameters, which show their ability 
to prevent the oxidation of the main biomolecules, 
their protective role was superior to the traditional 
antioxidant Trolox. Although the mechanisms 
underlying the action of these diarylamines are 
currently under investigation, the data obtained so 
far reveals their high pharmacological potential as 
antioxidant molecules.

Keywords: Di(hetero)arylamines, benzo[b]thiophene 
derivatives, antioxidants, cardiac oxidative stress, H9c2 
myoblasts

1. Introduction

Reactive oxygen (ROS) and nitrogen (RNS) species can 
accumulate intracellularly as a result of both exogenous 
and/or endogenous factors (1). In normal physiological 
conditions, these species are maintained in equilibrium 
by the cells' antioxidant defence systems and are 
known to play important roles in the regulation of 
physiological functions (2,3). However, an imbalance in 
the equilibrium, favouring the oxidants, can result in a 
situation defined as oxidative stress (4,5), which causes 
damage to all biomolecules, including DNA, lipids and 
proteins, and is ultimately involved in the regulation of 
mechanisms leading to cell death (5). In addition, it is 
often implicated in the etiology of several pathologies, 
such as atherosclerosis (6), neurodegenerative diseases 
(7,8) and ischemia-reperfusion injury (9). 
 Cells possess effective enzymatic (e.g. superoxide 
dismutase, catalase, glutathione peroxidase) and non-
enzymatic (e.g. glutathione, thioredoxin, coenzyme Q) 
antioxidant systems to help them cope with oxidative 
stress (10). Also, several compounds present in plants 
and vegetables (e.g. vitamins C and E, polyphenols) 
have been suggested to have the ability to react with 
free radicals (11), protecting cells from damage. 
However, there are some drawbacks associated to 
these natural compounds, as some reports describe 
pro-oxidant effects for many of them, which may 
eventually result in cell death too (12-14). In this 
regard, the undergoing development of novel synthetic 
compounds with antioxidant activity that may help 
the endogenous defence system, assumes special 
relevance (15).
 Secondary amines, in particular diarylamines, are 
regarded as important molecules that can aid in the 
antioxidant protection, since their reducing properties 
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make them suitable as good radical scavengers, able 
to react either with O-centered or C-centered radicals 
(16,17).
 Esteves and collaborators (16) evaluated the redox 
properties and free radical scavenging activity of some 
diarylamines by cyclic voltammetry and the DPPH 
radical reduction assay, respectively. They observed 
that the compounds with a p-methoxyphenyl moiety 
in their structures presented lower oxidation potentials 
and higher radical scavenging activity. In another study 
(18), a high antioxidant activity was also demonstrated 
for diarylamines in the benzo[b]thiophene series, 
which proved to be even better antioxidant molecules 
than the well-known synthetic standards butylated 
hydroxyanisole (BHA) and butylated hydroxytoluene 
(BHT). These results were the first indication of the 
potential of diarylamines in the benzo[b]thiophene 
series to be used as antioxidants in biological systems.
 Later on, Queiroz and co-workers (19) reported 
the synthesis and evaluation of the antioxidant 
properties of 7-aryl or 7-heteroarylamino-2,3-
dimethylbenzo[b]thiophenes, by assessing their free 
radical scavenging activity and reducing power, 
establishing some structure-activity relationships based 
on the presence and position of different substituents (1 
or 2 OMe and a nitrile group) on the phenyl ring, or on 
the presence of a pyridine ring and on the position of its 
nitrogen atom relative to the N-H bond. In a more recent 
study (20), cyclic voltammetry was used to evaluate 
the antioxidant activity of those molecules (7-aryl or 
7-heteroarylamino-2,3-dimethylbenzo[b]thiophenes), 
while comparing their oxidation potentials with those 
of the classical antioxidants BHA and BHT, showing 
the importance of the presence of the methoxylated 
arylamine moiety to the antioxidant properties of the 
molecule compared with the presence of a pyridine 
ring. By its turn, it was also shown that the presence 
of electron-donating groups (e.g. methoxy) on the 
arylamine moiety showed lower oxidation potential 
than compounds with electron-withdrawing groups. The 
position of the methoxy group on the arylamine moiety 
also seemed to affect the oxidation potential, being 
that a methoxy group in the para position relative to 
the NH group, or two methoxy groups, one in the para 
and other in meta position, increased the antioxidant 
activity in comparison with molecules containing a 
single methoxy group in the meta position.
 In this study, we evaluated the antioxidant potential 
of four di(hetero)arylamines in the benzo[b]thiophene 
series (named MJQ1, MJQ3, MJQ4 and MJQ5), which 
differ in the number of methoxy (OCH3) and methyl 
(CH3) groups present within their structures (Figure 
1). Three of them are entirely new synthetic molecules 
not tested in biological systems. For MJQ1 we have 
previously reported good antioxidant properties, 
particularly at mitochondria level (21). In the same 
study we have tested another benzo[b]thiophene 

derivative, aminated in the thiophene ring with a 
pyridine (MJQ2), which did not show to be as good as 
antioxidant.
 So in the present work we focused on the MJQ1 
analogues. We intended to address their protective role 
against oxidative injury induced by pro-oxidant stimuli 
on a cardiomyocyte model, the H9c2 cell line, since 
cardiac cells are recognized to be highly susceptible to 
this kind of damage (22).

2. Materials and Methods

2.1. Chemistry

The compounds in study, named MJQ1, MJQ3, MJQ4 
and MJQ5 were synthesized by palladium-catalyzed 
C-N Buchwald-Hartwig coupling of 6-bromotri or tetra
methylbenzo[b]thiophenes with methoxylated anilines 
(23) in the Center of Chemistry of the University of 
Minho (Braga, Portugal). They all share a common 
benzo[b]thiophene nucleus and differ mainly in the 
number of methoxy (OCH3) and methyl (CH3) groups 
present within their structures. The synthesis and 
chemical characterization of the compounds MJQ1 and 
MJQ5 have been previously published (21,23). For the 
other two compounds (MJQ3 and MJQ4) the synthesis 
procedure is described below. The dry powders 
obtained were reconstituted in DMSO, aliquoted and 
maintained at –20°C, protected from light. After thawed 
each aliquot was used only once.

2.2. General methods of synthesis

Melting points (°C) were determined in a Stuart SMP3 
apparatus and are uncorrected. 1H and 13C NMR 
spectra were recorded on a Varian Unity Plus (300 
and 75.4 MHz, respectively) or an Avance III Bruker 
(400 MHz and 100.6 MHz, respectively). Chemical 
shifts are given in ppm and coupling constants in Hz. 
The mass spectra were obtained by electronic impact 
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Figure 1. Schematic structure of the di(hetero)arylamines 
studied MJQ1, MJQ3, MJQ4, and MJQ5. They all possess 
a tri or tetramethylated benzo[b]thiophene moiety and differ 
mainly in the number of methoxy (OCH3) and methyl (CH3) 
groups present within their structures.
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136-138°C. 1H NMR (300 MHz, DMSO-d6): δ 2.20 
(3H, s, Me), 2.36 (3H, s, Me), 2.40 (3H, s, Me), 2.56 
(3H, s, Me), 3.36 (3H, s, OMe), 6.79 (coalesced ABq, 
2', 3', 5' and 6'-H), 6.80 (1H, s, 5-H), 7.18 (1H, s, N-H) 
ppm. 13C NMR (75.4 MHz, DMSO-d6): δ 13.70 (Me), 
14.95 (Me), 15.56 (Me), 21.10 (Me), 55.29 (OMe), 
114.54 (CH), 118.09 (CH), 118.38 (C), 120.13 (CH), 
129.04 (C), 129.53 (C), 130.44 (C), 133.30 (C), 137.62 
(C), 138.98 (C), 140.02 (C), 152.81 (C). Anal. Calcd for 
C19H21NOS: C 73.28, H 6.80, N 4.50, S 10.29; found: C 
73.27, H 6.89, N 5.53, S 10.14.

2.3. Other chemicals

Fetal  bovine serum (FBS) was obtained from 
BioChrom KG (Berlin, Germany); 6-hydroxi-2,5,7,8-
tetrametilcromano-2-carboxylic acid 97% (Trolox), 
Dulbecco's Modified Eagle's Medium (DMEM) cell 
culture medium, dimethyl sulfoxide (DMSO), EDTA, 
trypsin, tert-butylhydroperoxide and sulforhodamine 
B were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 2',7'-Dichlorodihydrofluorescein diacetate 
(DCFH2-DA) was obtained from Invitrogen (Eugene, 
OR, USA). 

2.4. H9c2 cell culture

H9c2 cell line was originally derived from embryonic 
rat heart tissue using selective serial passages (24). It 
was originally purchased from America Tissue Type 
Collection (Manassas, VA, USA). This cell line has 
been used extensively in the literature as a model 
for cardiomyoblasts and has also been considered 
as a proper model to study molecular responses of 
the cardiomyocyte to oxidative damage (25,26). 
Cells were grown in Dulbecco's Modified Eagle's 
Medium (DMEM) supplemented with 1.5 g/L sodium 
bicarbonate, 10% foetal bovine serum, 100 U/mL of 
penicillin and 100 μg/mL of streptomycin in 75 cm2 
tissue culture flasks, and maintained at 37°C, in a 
humidified incubator containing 5% CO2. To prevent 
loss of differentiation potential, cells were not allowed 
to become confluent. So, they were fed every 2-3 days, 
and sub-cultured once they reached 70-80% confluence, 
by treatment with a 0.05% trypsin/EDTA solution. 
Cells were seeded at a density of 35,000 cells/mL, 
either in 24-well plates (final volume of 1 mL/well) for 
sulforhodamine B assays, or 6-well plates (final volume 
of 2 mL medium/well) for other assays. To detect 
intracellular ROS, cells were seeded in coverslips 
placed in the bottom of 6-well plates.

2.5. Sulforhodamine B (SRB) assay

The effects of the nitrogen compounds on cell 
proliferation per se and on the protection against t-BHP-
induced cell death was evaluated by the sulforhodamine 

unless stated in the mass spectrometry external service 
of the University of Vigo (Spain). Elemental analysis 
was performed on a LECO CHNS 932 elemental 
analyser. The reactions were monitored by thin layer 
chromatography (TLC). Column chromatography 
was performed on Macherey-Nagel silica gel 230-400 
mesh. Petroleum ether refers to the boiling range 
40-60°C. Ether refers to diethylether. When solvent 
gradient was used, the increase of polarity was made 
gradually from petroleum ether to mixtures of ether/
petroleum ether increasing 10% of ether until the 
isolation of the product.
 A dry Schlenk tube was charged, under Argon, 
with dry toluene (3-4 mL), the benzo[b]thiophene, 
Pd(OAc)2 (3 mol%), rac-BINAP (4 mol%), Cs2CO3 
(1.4 equiv.), the methoxyaniline, and the mixture was 
heated at 100°C for several hours. After cooling, ether 
was added and the mixture was filtered under vacuum. 
The filtrate was evaporated under reduced pressure 
to give a residue which was submitted to column 
chromatography using solvent gradient from neat 
petroleum ether to mixtures of diethyl ether/petroleum 
ether, increasing 10% of ether till the isolation of the 
product, unless stated otherwise.

2.2.1. 6-(3,4-Dimethoxyanilino)-2,3,7-trimethylbenzo 
[b]thiophene (MJQ3)

From 6-bromo-2,3,7-trimethylbenzo[b]thiophene (150 
mg, 0.590 mmol), 3,4-dimethoxyaniline (95.0 mg, 0.649 
mmol), heating for 7 h, and using solvent gradient from 
neat petroleum ether to 20% ether/petroleum ether in the 
column chromatography, compound MJQ3 was obtained 
as a white solid (150 mg, 78%), m.p. 119-121°C. 1H 
NMR (400 MHz, DMSO-d6): δ 2.21 (3H, s, Me), 2.29 
(3H, s, Me), 2.41 (3H, s, Me), 2.56 (3H, s, Me), 3.66 
(3H, s, OMe), 3.67 (3H, s, OMe), 6.33 (1H, dd, J = 8.6 
and 2.4 Hz, 6'-H), 6.56 (1H, d, J = 2.4 Hz, 2'-H), 6.77 
(1H, d, J = 8.4 Hz, 5'-H), 7.15 (1H, J = 8.4 Hz, Ar-H), 
7.27 (1H, s, N-H), 7.35 (1H, d, J = 8.4 Hz, Ar-H) ppm. 
13C NMR (100.6 MHz, DMSO-d6): δ 11.17 (Me), 13.41 
(Me), 15.98 (Me), 55.24 (OMe), 56.23 (OMe), 102.37 
(CH), 107.51 (CH), 113.60 (CH), 117.60 (CH), 119.10 
(CH), 121.28 (C), 127.47 (C), 130.43 (C), 135.19 (C), 
138.00 (C), 139.23 (C), 139.76 (C), 142.23 (C), 149.59 
(C). MS (EI) m/z (%) 327 (M+, 82), 312 (100). HRMS 
M+ calct. for C19H21NO2S 327.1293, found 327.1297.

2.2.2. 6-(4-Methoxyanilino)-2,3,4,7-tetramethylbenzo 
[b]thiophene (MJQ4)

From 6-bromo-2,3,4,7-tetramethylbenzo[b]thiophene 
(150 mg, 0.730 mmol), 4-methoxyaniline (99 mg, 0.803 
mmol), heating for 7 h, and using solvent gradient 
from neat petroleum ether to 20% ether/petroleum 
ether in the column chromatography, compound 2a 
was obtained as a white solid (102 mg, 45%), m.p. 
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B assay, as previously described (27). Briefly, H9c2 
cells were seeded in 24-well plates and incubated 
with the diarylamines for different time points, in the 
presence or absence of tert-butylhydroperoxide (t-BHP). 
Following this treatment, cells were fixed in ice cold 
methanol, containing 1% acetic acid, for at least 1 h, 
and then incubated with 0.5% (w/v) sulforhodamine B 
dissolved in 1% acetic acid for 1 h at 37°C. Unbound 
dye was removed by washing several times with 1% 
acetic acid. Bound SRB was then solubilised with 10 
mM Tris base solution, pH 10. After dissolving the SRB 
through agitation of the plates, 200 μL from each well 
were transferred to 96-well plates and the absorbance 
read at 540 nm, against a blank containing 10 mM Tris 
alone. Results were expressed relatively to t = 0 h, in 
the presence of the vehicle alone (DMSO), which was 
considered as 100% of cell proliferation/cell viability.

2.6. Detection of intracellular reactive oxygen species

Intracellular ROS formation was assessed by measuring 
the fluorescence of DCF, the oxidation product of the 
non-fluorescent probe 2',7'-dichlorodihydrofluores
cein diacetate (DCFH2-DA), according to a method 
previously described (27), with slight modifications.
 Briefly, cells plated in coverslips placed in the 
bottom of 6-well plates were treated with t-BHP and 
the diarylamines for 3 h and then incubated with 10 
μM DCFH2-DA for 30 min, at 37°C, in the dark. Cells 
were then observed by fluorescence microscopy using a 
fluorescein filter in a Leica DM 5000B microscope. The 
intracellular mean fluorescence intensity was quantified 
using the ImageJ 1.40g software (National Institutes of 
Health, USA).

2.7. Single cell gel electrophoresis (Comet assay)

Protection against oxidative damage to DNA was 
assessed by the Comet assay, as previously described 
(28). In brief, cells plated at a density of 5 × 105 
cells/well were treated with 50 μM t-BHP and the 
diarylamines (at 10 and 25 nM) for 3 h to induce 
the formation of strand breaks. After treatment 
with the compounds, cells were trypsinised, spread 
on agarose-coated slides and lysed. The DNA that 
remained embedded in the agarose was subjected to an 
electrophoresis in alkaline conditions, for 20 min at 1 
V/cm. The electric field makes the broken DNA loops, 
if they exist, to extend towards the anode, yielding 
an image that looks like a comet. Finally, slides were 
neutralised with 0.4 M Tris, pH 7.5 and fixed with 
absolute ethanol. Comets were stained with ethidium 
bromide and analysed under a fluorescence microscope.
Comet quantification was performed by visual scoring. 
This method, which correlates well with computer-
assisted image analysis of the % of DNA in the comets' 
tail (28), is based in the classification of comets into 

one of five classes of damage (from 0 to 4) in 100 
nucleoids, giving a score range between 0 and 400.

2.8. Measurement of lipid peroxidation – TBARS assay

The extent of lipid peroxidation was determined by 
measuring the levels of Thiobarbituric Acid-Reactive 
Substances (TBARS), as described in a previous 
publication (29). Cells were plated at a density of 1.7 
× 106 cells/well in 6-well plates and TBARS formation 
was induced by the oxidant pair 2 mM ascorbate/100 
μM iron (II) for 1 h, at 37ºC. The amount of TBARS 
produced was calculated using the molar absorption 
coefficient of 1.56 × 105 M•cm–1, normalized for the 
total protein content and expressed as nmol TBARS/mg 
protein. The protection of the diarylamines against lipid 
peroxidation was determined according to the following 
formula: 

% Protection = 1 – [(D – C) / OP] × 100

where D is the amount of TBARS in the presence of 
the diarylamines, C is the basal lipid peroxidation 
(negative control) and OP is the amount of TBARS in 
the presence of the oxidant pair.

2.9. Partition coefficients

The diarylamines degree of hydrophobicity was 
determined by measuring the partition coefficients (PC) 
in an n-octanol/HEPES system, as previously described 
(29). The diarylamines were dissolved in n-octanol at 
a concentration of 20 μM and 1 mL of each solution 
was shaken with 20 mL HEPES (20 mM, pH 7.4), for 
10 min, at room temperature. The two different phases 
formed were then separated by centrifugation. The 
absorbance peaks of each compound, required to assess 
their concentrations in each solution, were determined 
at 305 nm for MJQ1, 307 nm for MJQ3 and 308 nm for 
both MJQ4 and MJQ5. PC values were then calculated 
using the formula:

PC = log (CO /CH)

where CO and CH are the concentrations of the 
diarylamines in n-octanol and HEPES, respectively. The 
CH values were indirectly determined by calculating 
the difference between the initial and the final 
concentrations of the compound in the octanol phase.

2.10. Statistical analysis

Data are expressed as the mean ± S.E.M., of the 
indicated number of experiments. The significance 
of the differences between the means observed was 
evaluated using the unpaired two-tailed Student's t-test 
or the one-way ANOVA followed by the Student-
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Newman-Keuls post-hoc test. A difference of p < 0.05 
was considered significant.

3. Results

3.1. Effects on toxicity and cell proliferation

The effects of the diarylamines on toxicity and cell 
proliferation were assessed by the sulforhodamine 
B assay. The compounds were tested at a range of 
concentrations between 1 and 50 μM, during a period 
of 72 h.
 In Figure 2, it is possible to observe that none 
of the compounds is toxic to H9c2 cells at any of 
the concentrations tested, since the percentage of 
proliferation does not decrease below the levels 
measured at time zero (0 h). However, some effects 
on cell proliferation could be observed, which varied 
according to the compound tested. In this way, MJQ5 
was the one that less affected this parameter, since that 
only after 48 h, and for the highest concentration (50 
μM), cell proliferation was reduced. By its turn at 72 h 
incubation with this diarylamine, only concentrations 
of 10 μM and above affected cell proliferation. At that 
same concentration a decrease in cell proliferation could 
be observed earlier (at 24 h), for all other compounds. 
At 48 h, MJQ4 showed some deleterious effects for a 25 
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μM concentration, while MJQ1 and MJQ3 revealed to 
affect proliferation in a statistically significant way for 
lower concentrations, namely 1 and 5 μM, respectively. 
After 72 h of cell incubation in the presence of MJQ1, 
MJQ3, and MJQ4, proliferation was also significantly 
affected for the lower concentrations tested (1 μM for 
MJQ1 and MJQ4, and 5 μM for MJQ3).
 To determine if the diarylamines were able to afford 
protection against cell death induced by an oxidant 
stimulus, H9c2 cells were incubated for 6 h in the 
presence of 50 μM t-BHP and different concentrations 
of the diarylamines. Cell viability was then evaluated 
by the SRB assay. The thiol-oxidizing agent t-BHP is 
metabolized intracellularly, leading to the formation 
of tert-butoxyl radicals, being commonly used as 
an inducer of oxidative stress in several cell models 
(30,31).
 As shown in Figure 3, t-BHP induces a decrease 
of 55.7% in cell viability, which is prevented by all 
the diarylamines, in a dose-dependent manner, for 
concentrations at the nanomolar range. This protection 
was statistically significant at 10 nM and above for 
MJQ3, MJQ4, and MJQ5. For MJQ1 the protective 
effect was only significant for concentrations equal or 
superior to 25 nM. At this concentration (25 nM) all the 
compounds showed about 100% protection. It should be 
noted that the concentrations at which the compounds 

Figure 2. Cellular proliferation assessed with the sulforhodamine B assay. H9c2 cells proliferation was followed up to 72 h, in 
the presence of different compounds concentrations, as indicated. The percentage of cellular proliferation was calculated relatively 
to t = 0 h. Proliferation in control cells (no test compounds) was assessed in the presence of 0.1% DMSO. For each concentration the 
mean ± S.D. for at least three independent experiments is represented. No statistically significant differences were found between 
the different concentrations shown and the respective controls for each time point. * p < 0.05, ** p < 0.01, *** p < 0.001, relatively to 
control cells (white bars) at respective time period.
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showed to protect against cell death were far below the 
ones that affected cell proliferation.
 These results show the elevated potential of these 
novel diarylamines to protect cells against oxidative 
stress-induced cell death.

3.2. Scavenging of intracellular reactive oxygen species

The effect of the compounds on the intracellular 
formation of reactive oxygen species was determined 
by fluorescence microscopy, through the detection of 
the oxidized form (DCF) of dichlorofluorescein probe. 
Oxidative stress was induced by incubating cells with 50 
μM t-BHP for 3 h, and the diarylamines (at 10 and 25 
nM) added simultaneously with the pro-oxidant.
 Incubation with the pro-oxidant alone evidenced 
an increase in the cell mean fluorescence (Figure 4) 
corresponding to ROS formation. However, in the 
presence of all the compounds tested, the amount of 
those reactive species was greatly decreased, to values 
approximate to the control. Both concentrations assayed 
(10 and 25 nM) showed the same levels of protection. In 
addition, the novel compounds proved to have a higher 
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protective effect than the classical antioxidant Trolox, 
regardless of the concentration used.
 In this way, these results indicate that the protective 
role of the new diarylamines against t-BHP-induced 
cell death may be somehow related with their ROS 
scavenging activity.

3.3. Protection against oxidative DNA damage

Once formed, reactive oxygen species may interact 
with biomolecules, resulting in damaging consequences 
to all of them (32). In particular, the attack of ROS 
to DNA may lead to several oxidative modifications, 
including strand breaks formation. This appearance of 
strand breaks was evaluated by the Comet assay, after 
treating cells in the same conditions used to assess 
the compounds' protection against intracellular ROS 
formation.
 As depicted in Figure 5, cells treated with the 
pro-oxidant stimulus showed an increase in the 
levels of strand breaks formation. However, a 
significant reduction of about 60-70% in the extent 
of DNA damage was observed in the presence of 

Figure 3. Effects of the diarylamines on the reduction of cell viability evaluated by the sulforhodamine B assay. H9c2 cells 
were incubated for 6 h in the presence of the compounds and 50 μM t-BHP. Results are presented in terms of percentage of cell 
viability, determined relatively to the control containing only 0.1% DMSO, which was considered as representing 100% of viability. 
For each bar, the mean ± S.E.M. for at least three independent experiments is represented. +++ p < 0.001, compared to control cells 
(DMSO); * p < 0.05, ** p < 0.01, *** p < 0.001, as compared to 50 μM t-BHP.
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all the diarylamines, when added to cells at 25 nM 
concentration. This protective effect was also noticed 
for a lower concentration (10 nM), although in this 
case the reduction in the amount of damage was 
slightly lower. Nevertheless, at both concentrations, 
the protection of diarylamines against this kind of 
oxidative damage was higher than the one observed in 

cells treated with Trolox. Moreover, it should be noted 
that the compounds, by themselves, do not induce the 
formation of strand breaks, as observed in cells treated 
with the compounds alone.
 Therefore, these results indicate the elevated 
potential of the novel molecules in study to protect 
cardiomyocytes against oxidative DNA damage.

252

Figure 4. Effects of the compounds on t-BHP-induced intracellular ROS formation. H9c2 cells were incubated in the presence 
of t-BHP and the diarylamines for 3 h. Increase in intracellular oxidative stress was detected by oxidation of the fluorescent probe 
dichlorofluorescein (DCF) by fluorescence microscopy. At least five fields per sample were analyzed in each experiment. For each 
bar is represented the mean ± S.E.M. for five independent experiments. +++ p < 0.001, compared with control; ** p < 0.01, *** p < 0.001, 
relatively to t-BHP.

Figure 5. Diarylamines' protection against t-BHP-induced formation of DNA strand breaks, evaluated by the Comet assay. 
Oxidative DNA damage was induced by incubating H9c2 cells for 3 h in the presence of 50 μM t-BHP. The compounds were added 
to the cells simultaneously with the pro-oxidant stimulus. Each bar represents the mean ± S.E.M. for at least three independent 
experiments. +++ p < 0.001, compared to control cells; ** p < 0.01, *** p < 0.001, compared to 50 μM t-BHP.
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3.4. Effects of the compounds on lipid peroxidation

Membrane lipid peroxidation can also occur as a 
consequence of oxidative stress. In fact, polyunsaturated 
fatty acids, because of their multiple double bonds, are 
extremely sensitive to oxidation by free radicals (33).
 The oxidant pair ascorbate/iron(II), which has 
been previously shown to induce high levels of lipid 
peroxidation in other cell models (34,35) was chosen 
to induce this kind of damage in this cardiomyocyte 
cell model. Ascorbate acts as a pro-oxidant agent, by 
reducing Fe3+ to Fe2+, which then leads to the formation 
of hydroxyl radicals via the Fenton reaction, thereby 
causing the oxidation of membrane lipids (3,36).
 Therefore, after incubating cells with the oxidant pair 
for 1 h, we observed an increase in lipid peroxidation, 
indicated by 4-fold increase in the levels of TBARS 
(Figure 6). These high levels were significantly reduced 
by simultaneous treatment with the diarylamines at 25 
nM, which is indicative of their ability to prevent the 
oxidation of membrane lipids, once again for a low 
concentration. In particular, MJQ3 presented a slightly 
higher percentage of protection (86.95 ± 8.23%) when 
compared with the other three diarylamines (Figure 
6, Insert). The high protection observed for MJQ1 
is in agreement with the one previously observed in 

a neuronal cell model and in isolated mitochondria 
by using a similar deleterious agent (21). Again the 
protective effects observed revealed to be quite superior 
to the one observed for Trolox.

3.5. Determination of the compounds' liposolubility

The partition coefficient (PC) is a measure of the 
relative lipophilic/hydrophobic behaviour of a 
chemical and has been commonly associated to a 
drug's biological activity (37). Therefore, the degree 
of hydrophobicity of the diarylamines was measured 
by determining this parameter in an n-octanol/HEPES 
system.
 As shown in Table 1, all the diarylamines show 
high partition coefficient values, which is indicative 
of their high ability to cross lipid membranes and act 
intracellularly. Among the tested diarylamines, MJQ3 
showed the highest affinity for the octanol phase 
(highest PC values), followed by MJQ4 and MJQ5, 
with similar values, and finally by MJQ1. In general, 
the values here obtained were higher than the ones 
presented by other compounds tested in our lab (34) and 
were similar (and, in the case of MJQ3, even higher) to 
some natural compounds tested by others in the same 
octanol/HEPES system (38), thus confirming a superior 

Figure 6. Relative drug protection against lipid peroxidation. Cells were incubated for 1 h with the oxidant pair 2 mM 
ascorbate/100 μM Fe2+. The diarylamines were added to the cells at the same time as the oxidant pair. Each column represents the 
mean ± S.E.M., considering the results obtained for at least three different experiments. +++ p < 0.001, compared to control cells; * 
p < 0.05, ** p < 0.01, compared to the oxidant stimulus. Insert: Percentage of protection relatively to the controls as described in 
"Material and Methods".
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ability of diarylamines to cross the lipid bilayer and to 
act inside cells.

4. Discussion

A redox imbalance in the cell can cause oxidative 
damage to all types of biomolecules and even lead 
to cell death as an ultimate consequence. In this way, 
oxidative stress is commonly associated to the etiology 
of several pathological conditions (2).
 This work comprises a small part of a broader 
project aiming the development and/or improvement of 
new synthetic molecules with the ability to scavenge 
free radicals, acting as antioxidants, and thus preventing 
oxidative stress. Although the four diarylamines 
herein tested share the same benzo[b]thiophene 
nucleus, they exhibit some structural differences. In 
particular, they differ in the number of methoxy (one 
in MJQ1 and MJQ4, and two in MJQ3 and MJQ5, 
in the same positions) and methyl groups (three in 
MJQ1 and MJQ3, and four in MJQ4 and MJQ5, in the 
same positions). It should be noted that besides being 
able to scavenge a free radical by donating one H˙, 
an antioxidant should also be able of stabilizing the 
unpaired electron that is formed in its own molecule as 
a consequence of the radical scavenging activity. With 
the introduction of these groups, namely the methoxy 
ones, it was expected a greater stabilization of the 
radical formed after scavenging of the free radical.
 In this study, we evaluated the antioxidant 
potential of these four diarylamines, by addressing 
their protective role against oxidative injury on a 
cardiomyocyte model, the H9c2 cell line, since cardiac 
cells have for long been recognized to be highly 
susceptible to this kind of damage.
 As a first approach, we observed that none of the 
diarylamines was toxic to the cells. However, for 
high concentrations (in the micromolar range), they 
interfered with the process of cell proliferation to 
some extent, especially after a 48 h incubation period. 
Nevertheless, it should be taken into account that they 
present protection at concentrations far below the 
ones that affected cell proliferation, and for shorter 
incubation time periods. In fact, they were able to revert 
cell death induced by t-BHP at concentrations in the 
nanomolar range, in a dose-dependent manner.
 The thiol-oxidizing agent t-BHP is known to be 
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metabolized intracellularly, where it generates tert-
butoxyl radicals (31). In this way, t-BHP-induced 
cell death is associated to an increase in the levels of 
oxidative stress, as it has also been reported in H9c2 
cells (27). Therefore, we determined the protective role 
of the diarylamines against the intracellular increase 
of reactive oxygen species, induced by that agent, 
by analysing the changes in DCF fluorescence. We 
observed that all the diarylamines led to a reduction in 
the levels of intracellular ROS formation at very low 
concentrations (10 and 25 nM), an effect that seems 
to correlate well with the protection observed against 
t-BHP-induced cell death. Therefore, these results 
confirm the diarylamines' elevated antioxidant activity 
and suggest that their ROS scavenging ability may 
indeed result in a decrease in cell death induced by high 
levels of oxidative stress.
 As previously stated, the presence of excessive 
levels of reactive oxygen species inside the cells is 
known to also cause damage to all main biomolecules. 
In this way, we determined if the diarylamines were 
able to prevent ROS-induced oxidative modifications 
to both DNA and membrane lipids. Indeed, the amount 
of DNA strand breaks induced by the pro-oxidant 
t-BHP was significantly reduced in the presence of the 
compounds. Since cardiac cells are post-replicative, 
oxidative damage to these cells' DNA could result in 
the deterioration of cardiac function (39). Therefore, the 
protection observed for the diarylamines on oxidative 
DNA damage in this myoblast cell line is of great 
relevance.
 In addition, the incubation of the cells with the 
diarylamines led to a reduction in the levels of lipid 
peroxidation induced by the oxidant pair ascorbate/
iron(II). This oxidant pair, which generates free radicals 
via the Fenton reaction, was chosen since it has been 
commonly used in other cell models, like PC12 (34) 
and retinal (35) cells, and because it induced higher 
levels of TBARS levels, in comparison with t-BHP 
(data not shown). It should be noted that, although 
all the diarylamines show similar protective effects 
at this level, MJQ3 percentage of protection was 
slightly higher than the ones observed for the other 
related compounds. This may be explained, at least 
partly, by its higher partition coefficient value, which 
confers a more liposoluble profile to this compound, 
in comparison with the other ones, thus allowing it to 
better cross lipid membranes and act on this kind of 
damage.
 In fact, the partition coefficients obtained for the 
diarylamines are indicative of their high liposolubility, 
which enables them to permeate cells, contributing 
to their intracellular action. In terms of liposolubility, 
these diarylamines resembled or even performed better 
than some common natural antioxidant compounds (40). 
However, the correlation between the diarylamines 
structures and their liposolubility profiles is not 

Compound

MJQ1
MJQ3
MJQ4
MJQ5

 PC values

1.87 ± 0.06
2.95 ± 0.40
2.14 ± 0.32
2.10 ± 0.23

Table 1. Partition coefficients (PC) of the diarylamines

PC values were measured in an n-octanol/HEPES system as described 
in "Materials and Methods". A higher PC value means higher 
lipossoluble profile. Results represent the mean ± S.E.M. for at least 
three independent experiments.
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straightforward. As expected, the presence of two non-
polar methoxy group increases the liposolubility, as is 
observed by comparing the diarylamines containing 
three methyl groups in their structures (MJQ3 > MJQ1). 
The presence of four methyl groups was also expected 
to increase the liposolubility of the compounds, 
which is observed through comparison of MJQ4 and 
MJQ5 with MJQ1. However, the expected increase 
in liposolubility observed by the presence of more 
methoxy groups is not observed when we put MJQ4 
side by side with MJQ5, indicating that the methoxy 
non-polar effect disappears when four methyl groups 
are present in the diarylamines' structures.
 Overall, no significant differences in terms of the 
antioxidant protection profile could be observed when 
comparing all the diarylamines tested. This suggests 
that the modifications introduced to the molecules, 
namely the presence of one or two methoxy and 
three or four methyl groups, may not in fact be the 
main responsible for the scavenging activity of the 
diarylamines, though may alter their liposolubility. 
Nevertheless, the importance of those functional groups 
in these molecules seems to be relevant, as they aid in 
the stabilization of the radical formed upon scavenging 
of a free H radical.
 It should also be taken into consideration that in 
all parameters, namely intracellular ROS formation, 
oxidative DNA damage and lipid peroxidation, the 
diarylamines evoked protection profiles higher than 
the ones observed with the classical antioxidant and 
hydrosoluble vitamin E analogue, Trolox. This adds 
further value to the compounds in study, as they show 
an increased ability to prevent oxidative injury when 
compared to some existing molecules that are commonly 
used for its antioxidant activity.
 In conclusion, we present evidence for the 
elevated antioxidant potential of novel molecules that 
demonstrated a high protective role against intracellular 
ROS formation and oxidative injury to biomolecules 
like lipids and DNA, resulting in an overall protection 
against oxidative stress-induced cell death. These 
effects were attained at a nanomolar range and even at a 
so low concentration they were superior to the classical 
antioxidant Trolox. Nevertheless, this work should be 
regarded as a first approach in the evaluation of the 
effects of the diarylamines as antioxidants in cells, and 
further studies are being conducted in order to address 
other potential intracellular action targets for these 
molecules. The results described allow us to introduce 
modifications to the structures of these molecules, 
in order to ameliorate them and thus increase their 
antioxidant activity and possibly direct them to specific 
molecular targets. In this regard, a recently proposed 
quantitative structure-activity relationship (QSAR) 
model (41) can be used to predict the antioxidant 
activity, and thus guide the synthesis, of derivatives of 
compounds used in this work.

 Altogether, the data herein obtained encourage 
us to continue to study the potential  of these 
promising diarylamines as molecules with a possible 
pharmacological application against pathological 
situations in which oxidative stress-mediated injury 
occurs.
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ABSTRACT: The objective of our investigation 
was to design a thermo-dynamically stable 
microemulsion formulation of the model drug 
piroxicam with minimum surfactant concentration 
in order to improve its solubility. The solubility 
of piroxicam in different oils was examined. 
Effects of the co-surfactant:surfactant ratio and 
water content on microemulsion formulation 
were evaluated. Phase studies were performed for 
systems composed of oleic acid as the oil phase, 
Tween-80 as surfactant, and propylene glycol as 
co-surfactant at a constant percentage of water to 
elucidate the effect of microemulsion components 
on the area of microemulsion formulation. The 
viscosity and conductivity of certain microemulsion 
formulations were examined as a function of 
water dilution. The results showed that oleic acid, 
Tween-80, and propylene glycol resulted in the 
highest solubilization of piroxicam. The amount 
of water that was successfully incorporated into a 
microemulsion system was directly proportional 
to the co-surfactant:surfactant ratio and inversely 
proportional to the percentage amount of the oil 
phase present in the system. Microemulsion systems 
displayed changes in their viscosity and conductivity 
upon water dilution. The pre-microemulsion systems 
could be used as solvents to provide enhanced 
solubilizing capacity and stabilization for the 
solubilized drug. These systems could be loaded with 
the drug and stored in their original form in order 
to produce a microemulsion containing the drug 
in situ upon aqueous dilution. The incorporation 
of piroxicam in microemulsion formulations led to 
enhancement of the piroxicam release profile by 
allowing constant and regular in vitro release as 
well as reducing piroxicam's particle size to that 
suited to a microemulsion. Thus, the usage of a 
microemulsion technique led to improvement in 

piroxicam availability, suggesting the potential for 
technique's use as a topical vehicle for piroxicam 
delivery.

Keywords: Microemulsion, availability, solubility, 
poorly water soluble, model drug, piroxicam

1. Introduction

Microemulsions, which are optically isotropic and 
thermodynamically stable systems of water, oil, 
surfactant, and co-surfactant, have been studied as 
drug delivery systems because of their capacity to 
solubilize poorly water-soluble drugs as well as their 
enhancement of topical and systemic availability. For 
example, oral microemulsion formulations have been 
successfully developed for cyclosporine, a highly 
lipophilic and poorly aqueous soluble drug, in order 
to improve its oral absorption and reduce variations 
in its absorption (1,2). A study also reported that the 
microemulsion formulation N-4472(N-[2-(3,5-di-tert-
butyl-4-hydroxyphenethyl)-4,6-difluorophenyl]-N'-[4-
(N-benzylpiperidyl)]urea), a poor water-soluble drug, 
significantly improved oral absorption, irrespective 
of whether the subject was fed (3). The improved 
absorption from a microemulsion is presumably 
due to incorporation of the drug into microemulsion 
droplets. Smaller microemulsion droplets result in 
an increased specific surface area and increased 
membrane permeability of the drug via solubilization 
of certain membrane components and pore formation. 
All these factors lead to enhanced contact with the 
gastro-intestinal tract. Another important factor is the 
inner polarity of droplets, which is governed by the 
hydrophilic-lipophilic balance of surfactant used. A 
change in droplet polarity may affect the arrangement 
of the drug and surfactant on the droplet interface 
and alter drug release (4). Microemulsions have also 
been considered as topical (5), transdermal (6), and 
parenteral drug delivery systems (7), and several 
studies have reported the use of a microemulsion 
as a nasal drug delivery system (8). In the present 
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work, different pre-microemulsion and microemulsion 
formulations was prepared in order to improve piroxicam 
availability. This was done by selection of the most 
suitable microemulsion components that led to the 
highest solubilization of piroxicam. Then, the selected 
microemulsion formulations were characterized to help 
in selecting the most suitable formulation.

2. Materials and Methods

2.1. Materials

Piroxicam was purchased from  El-Nasr Pharmaceutical 
Chemicals Co., Cairo, Egypt (Batch No. 20030202). 
Castor oil and dimethylsulfoxide (DMSO) were from 
El-Gomheria Pharmaceutical Co., Cairo, Egypt. 
Olive oil was from El-Fayrouz Pharmaceutical Co., 
Cairo, Egypt. Linseed oil, coconut oil, turpentine oil, 
oleic acid, and propylene glycol were from Morgan 
Pharmaceutical Co., Cairo, Egypt. Paraffin oil was 
from SMGO Pharmaceutical Co., Cairo, Egypt. 
Peanut oil was from Sigma-Aldrich, St Louis, MO, 
USA. Tween-80, Tween-60, Tween-40, Span-80, and 
n-butanol were from  ADWIC Pharmaceutical Co., 
Cairo, Egypt. Tween-20 was from Merck KGaA, 
Darmstadt, Germany.

2.2. Solubility studies of piroxicam in different oils, 
surfactants, and co-surfactants

The solubility of piroxicam was examined in different 
oils, i.e., castor oil, olive oil, linseed oil, paraffin oil, 
coconut oil, turpentine oil, oleic acid, and peanut oil; 
surfactants, i.e., Tween-20, Tween-40, Tween-60, 
Tween-80, and span-80; and co-surfactants, i.e., n-butanol 
and propylene glycol. The equilibrium solubility method 
was performed as follows. Briefly, an excess amount 
of piroxicam was added to 10 mL of each solvent (the 
aforementioned oils, surfactants, and co-surfactants) in 30 
mL screw-capped vials and the whole mixture was mixed 
by vortexing. The vials were then shaken at 37°C for 72 
h at 100 rpm in a thermostatically controlled water bath 
shaker (Weiss Gallenkamp, Loughborough, UK). Then, 
the supernatant layer was separated and subjected to 
centrifugation at 3,000 rpm for 5 min in order to remove 
the undissolved drug. Samples of these solutions were 
then collected and the drug concentration was determined 
spectrophotometrically at 350 nm against a suitable blank 
of DMSO using an ultraviolet spectrophotometer SP6-550 
(Pye Unicam, Cambridge, England). All experiments 
were performed in triplicate.

2.3. Microemulsion formulation and phase diagram 
preparation

The selected oil, surfactant, and co-surfactant from 
the aforementioned solubility studies were used to 

formulate microemulsions and prepare phase diagrams. 
The microemulsion domains were distinguished by 
the corresponding phase diagrams. The microemulsion 
phases were identified as the area in the phase diagram 
where a clear and transparent formulation was produced 
based on visual inspection of numerous samples. No 
attempts were made to distinguish among the true 
solutions, micelles, bicontinuous structures, w/o (water 
dispersed in oil) and o/w (oil dispersed in water) 
microemulsions, etc. The domains of existing transparent, 
isotropic systems were considered to correspond to the 
microemulsion phases. Phase diagrams were determined 
at room temperature (approximately 25°C) as outlined 
by Li et al. (8) with slight modifications. The ternary 
phase diagrams of surfactant, co-surfactant, and oil were 
prepared at a constant percentage of water from 0 to 
400% of total initial weight of surfactant, co-surfactant, 
and oil mixtures, with mixtures containing 0% water 
referring to pre-microemulsion. For initial determination 
of microemulsion phase areas within the entire phase 
diagram, about 36 sample mixtures (based on 10% 
change in weight) of oil, surfactant, and co-surfactant 
were carefully weighed, mixed with the aid of a vortex, 
and visually inspected for phase clarity and flowability. 
For more exact determination of the areas corresponding 
to pre-microemulsions, additional mixtures of surfactant, 
co-surfactant, and oil were prepared with a concentration 
change rate of 5% for each component at the boundary 
obtained from the previous step. Samples were then 
titrated with water in a drop-wise manner and mixed 
thoroughly by vortexing until clear and transparent 
microemulsion phase regions could be identified. Once 
the microemulsion phase was identified, additional 
samples were prepared to determine the boundary 
regions. No heating was used during the preparation. The 
clear areas corresponding to either pre-microemulsions 
or diluted microemulsions were depicted in a triangular 
phase diagram using AutoCAD 2000 from Microsoft.

2.4. Preparation of microemulsions containing 
piroxicam

Piroxicam was accurately weighed and simply added to 
the selected pre-microemulsion bases from the prepared 
phase diagrams. Vortexing was required to dissolve 
piroxicam completely in microemulsion systems. The 
final piroxicam concentration was adjusted to 0.5% w/v.

2.5. Characterization of the selected microemulsions

The following methods were used to characterize 
microemulsions.

2.5.1. Determination of the particle size of microemulsions

The particle size was determined for both pre-
microemulsion formulations (i.e., piroxicam-free 
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Measurements were done at 25°C. The adherence of 
surfactant on the electrode and the cell inner wall was 
avoided by pre-washing the cell twice with the sample 
to be measured before each measurement.

2.5.5. Thermodynamic stability of microemulsions

Thermodynamic stability was examined for both pre-
microemulsion formulations (i.e., piroxicam-free 
formulations) and microemulsions containing piroxicam 
through the following procedures: (i) Heating-cooling 
cycle – Six cycles were carried out between refrigerator 
temperature (4°C) and 45°C with storage at each 
temperature of no less than 48 h. The formulations that 
were stable at these temperatures were subjected to a 
centrifugation test. (ii) Centrifugation test – Passing 
formulations were centrifuged at 3,500 rpm for 30 min. 
Those formulations that had no phase separation were 
used in a freeze-thaw stress test. (iii) Freeze-thaw cycle 
– Three freeze-thaw cycles were carried out between 
–21°C and 25°C with storage of formulations at each 
temperature for no less than 48 h (9,10).

2.5.6. Physical stability of microemulsions

Pre-microemulsions and microemulsions with different 
water concentrations were visually inspected over 
6 months for any signs of drug precipitation, phase 
separation and/or color change. Viscosity measurements 
and repeated centrifugation of the system were carried 
out for 30 min at 13,000 rpm at specified time intervals 
to ensure the stability of the system formed (11).

2.5.7. In vitro release studies for piroxicam

In vitro  release studies of piroxicam from the 
microemulsion bases were carried out using PWIT11 
USP dissolution test apparatus (Pharma Test, Hainburg, 
Germany) with the temperature of the water bath kept at 
37 ± 2°C according to the manufacturer's instructions. 
The dissolution apparatus was adapted for semi-solid 
pharmaceutical drug dosage forms and was set up as 
follows: the dissolution medium, 300 mL phosphate 
buffer, pH 7.4; diffusion system with static cell, 120 
rpm. A synthetic cellulose acetate membrane (7.54 cm, 
Fischer Scientific Co., London, UK) previously treated 
with distilled water at 100°C for 5 min and maintained 
at 4°C was fixed at the end of a glass tube of a diffusion 
cell that was manufactured at the Faculty of Science, 
Ain-Shams University, Cairo, Egypt. The experimental 
procedure was carried out using 2 mL of either pre-
microemulsion or microemulsion. The analysis 
was preformed with 2 mL samples taken from the 
dissolution medium at 15 min intervals. The removed 
samples were replaced by equal volumes of phosphate 
buffer of the same pH to maintain a constant volume 
for the receiving medium. Control samples with the 

formulations) and microemulsions containing piroxicam 
using a JEOL Transmission Electron Microscope 
(JTEM) model 1010 (JEOL, Tokyo, Japan).

2.5.2. Drug solubility in microemulsion components

An excess amount of piroxicam was added to each 
oil, Tween-80, propylene glycol, and water in 30 mL 
screw-capped vials and the whole mixture was mixed 
by vortexing. The vials then were shaken at 37°C for 
72 h at 100 rpm in a thermostatically controlled water 
bath shaker. Then, the supernatant layer was separated 
and subjected to centrifugation at 3,000 rpm for 5 min 
in order to remove the undissolved drug. Samples 
of these solutions were then collected and the drug 
concentration was determined spectrophotometrically 
at 350 nm against a suitable blank of DMSO. Samples 
with the same composition (without the drug) were 
treated similarly and used as a control.
 In order to examine the effect of the co-surfactant:
surfactant ratio on the solubility of piroxicam, an excess 
amount of the drug was added to pre-microemulsion 
concentrate with weight ratios of co-surfactant (propylene 
glycol) to surfactant (Tween-80) ranging from 0.29:1 to 
2:1. After equilibration of 72 h at ambient temperature, 
the equilibrated samples were centrifuged at 3,000 
rpm for 5 min to remove the undissolved drug. Drug 
free samples with the same composition were treated 
similarly and used as a control.
 To examine the effect  of  water  content  in 
microemulsion formulations on the solubility of the 
drug, an excess amount of the drug was added to each 
ample containing different percentages of water ranging 
from 0 to 200% of total pre-microemulsion weight and 
the procedure for drug separation and analysis was 
repeated as mentioned above.

2.5.3. Viscosity of microemulsions

The effect of water dilution on microemulsion viscosity 
was studied using a Brookfield DV viscometer (model 
DV-II+; Brookfield Engineering Laboratories, Inc., 
Middleboro, MA, USA) with a number 0 spindle at 
50 rpm at room temperature (25°C). Samples of pre-
microemulsion and microemulsion formulations were 
prepared and viscosity measurements were carried out at 
different concentrations of water (from 0 to 200% of total 
pre-microemulsion weight) in order to determine the 
effect of water dilution on the microemulsion structure.

2.5.4. Electrical conductivity

Conduct ivi ty  measurements  were carr ied out 
to demonstrate the effect of water dilution on 
microemulsion structure. Microemulsion formulations 
were chosen at different percentages of water (from 
about 10 to 400% of total microemulsion weight). 
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same composition of oil, surfactant, and co-surfactant 
were treated as before in order to eliminate the effect 
of microemulsion components on the UV absorption of 
piroxicam. The amount of the drug released from the 
formulations was determined spectrophotometrically 
at 350 nm by measuring the test samples against blank 
samples. Experiments were performed in triplicate and 
mean results were reported (12).

3. Results and Discussion

3.1. Solubility studies of piroxicam in various solvents 
including water, different oils, surfactants, and co-
surfactants

Identifying an appropriate solvent to dissolve piroxicam 
and then formulating microemulsion formulations is 
crucial because only the dissolved drug can penetrate 
the skin. In order to screen appropriate solvents for 
the preparation of microemulsions, the solubility of 
piroxicam in various solvents including oils, surfactants, 
and co-surfactants was measured and the obtained 
results were summarized in Table 1. The solubility of 
piroxicam in oleic acid was found to be 12.6 mg/mL. 
This value was the best among all the investigated 
oils, but it was still much lower than that of Tween-80, 
which dissolved piroxicam of up to 17.8 mg/mL (Table 
1). In addition, propylene glycol had better piroxicam 
solubility than n-butanol (Table 1).
 As mentioned above, piroxicam is known to be 
water-insoluble. This fact has been proven by the 
experimental work in this study as water had the 
lowest solubility with respect to piroxicam among the 
investigated solvents. Piroxicam solubility in water was 
0.0836 mg/mL (Table 1), which equals 0.66%, 0.47%, 
and 1.3% of piroxicam solubility in oleic acid, Tween 
-80, and propylene glycol, respectively.
 These results revealed that the solubility of 
piroxicam in oleic acid, Tween-80, and propylene 

glycol was 150.8, 212.4, and 76.78 times the aqueous 
solubility of piroxicam. Therefore, oleic acid was 
selected as the oil phase, Tween-80 as the surfactant, 
and propylene glycol as the co-surfactant in this study.

3.2. Microemulsion formulation and phase diagram 
preparation

The method used to prepare the phase diagrams of 
microemulsions was slightly modified, as described 
before (8). All possible regions for microemulsion 
formation at all possible ratios of surfactant:co-
surfactant:oil were represented. The microemulsion 
phases were identified as the area in the phase diagram 
where a clear and transparent formulation was produced 
based on visual inspection of numerous samples. No 
attempts were made to distinguish among the true 
solutions, micelles, bicontinuous structures, w/o and 
o/w microemulsions, etc. The domains of existing 
transparent, isotropic systems were considered to 
correspond to the microemulsion phases. The ternary 
phase diagrams of surfactant, co-surfactant, and oil 
were determined at a constant percentage of water 
from 0 to 200% of total initial weight of surfactant, co-
surfactant, and oil mixtures, with mixtures containing 
0% water referring to a pre-microemulsion (Figure 1). 
Based on visual identification, regions corresponding to 
clear isotropic systems were considered microemulsion 
areas (gray shaded areas in Figure 1) while clear, 
highly viscous systems were considered gel areas 
(black-shaded area in Figure 1). The rest of the phase 
diagrams consisted of regions corresponding to turbid 
and conventional emulsion systems. The effect of water 
concentration on the areas of isotropic regions was 
evident in the given phase diagrams.

3.2.1. Effect of water dilution on the area of microemulsions

Based on visual observations, there was a complete 
separat ion of  the  phases  or  turbidi ty  for  the 
formulations that did not contain either surfactant or 
co-surfactant, respectively, regardless of the percent of 
water added. As the percent of water added increased, 
the clear isotropic area decreased until the percent of 
water added was from 60% to 400% of the total initial 
weight. The clear isotropic area disappeared in all the 
formulations investigated (Figure 1). Upon addition of 
50% water, an oleic acid/Tween-80/propylene glycol 
system started to form a translucent gel phase (Figure 1), 
the area of which decreased in size with further dilution 
and which completely disappeared at 100% dilution of 
the system. Whether or not the observed transformation 
of the clear pre-microemulsion areas to turbid phases 
was preceded by translucent gel phases upon dilution 
may be due to a conversion to macroemulsion phases 
(13). Upon dilution with small portions of water, the 
pre-microemulsion system may be converted into w/o 
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Table 1. Solubility of piroxicam in microemulsions with 
different components 
Components of microemulsion

Water
Castor oil
Linseed oil
Coconut oil
Oleic oil
Olive oil
Paraffin oil
Turpentine oil
Peanut oil
Tween-80
Tween-60
Tween-40
Tween-20
Span-80
Propylene glycol
n-Butanol 

Piroxicam solubility (mg/mL)

    0.0836
    2.72
    4.65
    4.37
  12.6
    3.78
    0.133
    1.52
    2.98
  17.8
  17.2
  13.6
  17.6
    2.68
    6.42
    4.33 
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microemulsions, particularly at higher ratios of the oil 
phase. However, upon dilution with excess aqueous 
phase w/o microemulsions are inverted into o/w 
emulsions, microemulsions, and/or w/o/w emulsions; 
a number of liquid crystalline phases are considered to 
be possible intermediates during this phase inversion 
process (14). Systems that remained clear and fluid at 
higher dilutions with the aqueous phase are expected to 
be of the o/w type where the oil phase ratio is lower.

3.2.2. Effect of oil properties on the area of microemulsions

An oil's properties can affect the production of 
microemulsions. The formation of a microemulsion is 
favored when small molecular weight oils are present. 
Unfortunately, pharmaceutically acceptable oils tend 
to be of large molecular weight and semi-polar in 
nature. This fact, together with the oil's properties and 
concentration, is important in determining the drug 
loading capacity of any microemulsion. Thus, examining 
the effect of the oil on microemulsion formation is 
essential (15).
 Oleic acid is an oil with a relatively large molecular 
volume (15). In an oleic acid system, the pre-
microemulsion had a large, clear isotropic area at the 
beginning of phase determination. However, upon 
addition of 10% water a great reduction in the isotropic 
clear area was observed (Figure 1). The oleic acid system 
started to develop a clear viscous gel area at 50% dilution 
with water. This viscous gel area appeared at only 50% 
dilution with water and promptly disappeared when this 
dilution limit was exceeded. These results agreed with 
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those of Mokhtar et al. (16), who studied the effect of 
different oils on the microemulsion area formed. An 
explanation of oleic acid behavior, the miscibility of 
oleic acid with propylene glycol, and the lipophilicity of 
oleic acid must be taken into consideration. Oleic acid 
is miscible with propylene glycol. This could account 
for the difference in the area of the pre-microemulsion 
systems when comparing the behavior of oleic acid to 
that of different oils (16). The formation of the gel area 
during dilution with an increasing amount of water 
(50%) could be due to conversion from a w/o to an 
o/w microemulsion system (13). The roughly constant 
clear isotropic region at dilutions from 10 to 30% in 
an oleic acid system is an indication of a solubilized 
system where the incorporated water is miscible with 
propylene glycol and can solubilize Tween-80 while 
propylene glycol could be considered a co-solvent for 
oleic acid. The system in this area could be considered 
to be saturated with respect to both oleic acid and water. 
Upon further dilution, a gel phase was generated at 50%, 
followed by a sharp reduction in the clear isotropic area 
at 100% dilution due to system conversion. This may be 
due to the dilution of the surfactant Tween-80 to levels 
below effective oil solubilization (16,17).
 Thus, the most suitable formulations for preparation 
of microemulsion bases containing piroxicam 
were selected based on the data in Table 1 and the 
corresponding phase diagrams (Figure 1). These 
formulations were then studied to further characterize 
their microemulsion properties. Table 2 summarizes the 
composition of the selected microemulsion formulations 
that were chosen for further investigation.

Figure 1. Triangular phase diagrams of different systems with varied water content. Grey and black shaded areas represent 
clear isotropic microemulsion and clear gel areas, respectively. 

Table 2. Composition of the microemulsion formulations selected for further investigation

No.

F1
F2
F3
F4
F5

  Water (%)

50
50
50
50
50

   Surfactant (%)

70
60
50
40
30

  Co-surfactant (%)

20
30
40
50
60

  Oil (%)

10
10
10
10
10

   Drug (%)

0.5
0.5
0.5
0.5
0.5
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3.3. Particle size of microemulsions

Transmission electron microscopy is one of several 
techniques used to measure the size of microemulsion 
droplets. In this study, all the selected microemulsion 
samples, regardless of whether or not they contained 
piroxicam, had a particle size ranging from 100 nm 
to 500 nm. This falls within the range for the particle 
size of a microemulsion preparation (data not shown). 
Transmission electron microscopy revealed that pre-
microemulsion formulation No. 2 and the corresponding 
formulation with the drug produced the best images 
among the investigated formulations (Figures 2 and 3).
 Figure 2 shows TEM photos of the formulation 
No. 2 pre-microemulsion. In photos 2A and 2B 
(magnification, ×40,000 and ×50,000, respectively), 
the spherical shape of microemulsion droplets with a 
particle size of 500 nm is apparent.
 Figure 3 shows TEM photos of formulation No. 2 
microemulsion containing piroxicam. As is apparent 
from photos 3A and 3C (magnification, ×30,000 and 
×40,000, respectively), piroxicam was incorporated 
in the spherical shape of the microemulsion droplets 
while retaining a particle size of 500 nm. This suggests 
that piroxicam's particle size was reduced to a size 
suited to a microemulsion in order for piroxicam to 
be incorporated in the microemulsion droplets. There 
was no change in the microemulsion particle size upon 
incorporation of piroxicam inside the microemulsion 
droplets since the photos indicate that the particle size 
remained 500 nm.
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3.4. Drug solubility in microemulsion components

The development of a microemulsion system for the 
pharmaceutical delivery of both poorly soluble and 
slightly water-soluble drugs requires selection of a 
suitable surfactant, co-surfactant, and oil. The solubility 
of piroxicam was determined in each component of 
the microemulsion system. The solubility of piroxicam 
in the microemulsion components was determined by 
the equilibrium solubility method as described in the 
"Materials and Methods", and the results obtained are 
shown in Table 1.

3.5. Effect of the co-surfactant:surfactant ratio on the 
solubility of piroxicam

Since the pre-microemulsion system was used as a 
solvent to provide a better solubilization capacity 
and stabilization for the solubilized drug, the effect 
of the formulation parameters on drug solubility in 
such systems must be studied. These systems could be 
loaded with drugs and stored as-is in order to produce a 
microemulsion in situ upon aqueous dilution. As Figure 4 
clearly shows, the solubility of piroxicam decreased 
from 5.874 to 3.294 mg/mL as the PG/T80 ratio 
increased from 0.29:1 to 1:1 when using a constant 
OA concentration (10%). This was followed by an 
increase to 3.7 mg/mL as the ratio increased to 1.25:1 
and then again by a decrease to 3.1 mg/mL when the 
ratio reached 2:1. These results indicate that the highest 
solubility of piroxicam was found to occur at co-

Figure 2. TEM photos of pre-microemulsion formulation 2.

AA BB

CC DD

Figure 3. TEM photos of microemulsion formulation 2.
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CC DD
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surfactant/surfactant ratios between 0.29:1 to 0.8:1 for 
all the systems studied

3.6. Effect of water content in microemulsion formulations 
on the solubility of piroxicam

Dilution of a microemulsion is very common both 
during mixing with other aqueous systems for 
reconstitution or in biological fluid after administration. 
Decreased drug solubility in microemulsion systems 
on dilution could be ascribed to the decreased 
concentrations mainly responsible for enhanced 
solubility (oil, surfactant, and co-surfactant).
 Since orientation of microemulsion components 
is dependent on the enhanced solubility of drugs 
to a great extent, addition of components that can 
disturb this orientation (for example, addition of water 
to a microemulsion containing somewhat highly 
hydrophobic components such as oleic acid) could lead 
to decreased solubilizing capacity or even instability of 
the system itself (16).
 In this study, water dilution of the microemulsion 
formulations greatly affected piroxicam solubility in 
all tested formulations. Solubility profiles are shown 
in Figure 5. The obtained results revealed a strange 
pattern of piroxicam solubility in each microemulsion 
formulation. To be more specific,

Microemulsion formulation 1 (ME F1): After 10% 
water was added, there was a decrease in solubility 
followed by an increase in solubility when the percent 
of water added reached 25%. A decrease in solubility 
occurred when the percent of water added reached 50%, 
followed by an increase in solubility when the percent 
of water added reached 100%. Then, a sharp decrease 
in solubility occurred when the percent of water added 
reached 200%. 

Microemulsion formulation 2 (ME F2): There was 
a sharp decrease in solubility as the percent of water 
added increased from 0% to 25%. This was followed 
by an increase in solubility when the percent of water 

added reached from 50% to 100%. A decrease in 
solubility occurred again when the percent of water 
added reached 200%. 

Microemulsion formulation 3 (ME F3): After 10% 
water was added, there was an increase in solubility 
followed by a sharp decrease in solubility when the 
percent of water added reached 25% to 50%. This was 
followed by an increase in solubility when the percent 
of water added reached 100%. A decrease in solubility 
occurred when the percent of water added reached 
200%. 

Microemulsion formulation 4 (ME F4): After 10% 
water was added, there was an increase in solubility 
followed by a small decrease in solubility when the 
percent of water added reached 25% to 50%. This was 
followed by a sharp decrease in solubility when the 
percent of water added reached 100%. A small increase 
in solubility occurred when the percent of water added 
reached 200%. 

Microemulsion formulation 5 (ME F5): After 10% 
water was added, there was an increase in solubility 
followed by a decrease in solubility as the percent of 
water added reached 25%. This was followed by an 
increase in solubility as the percent of water added 
reached 50%. Then, there was a slight decrease in 
solubility as the percent water added reached 100%. A 
sharp decrease in solubility then occurred as the percent 
of water added reached 200%.

3.7. Viscosity of microemulsions

Interpretation of the viscosity of microemulsions is 
problematic not because of uncertainties about the 
role of the interfacial region but due to the difficulty 
in obtaining meaningful measurements.  When 
microemulsion particles are spherical, they follow a 
Newtonian dispersion, and when the system undergoes 
a transition from spheres to cylinders or lamellae the 
viscosity changes abruptly and the flow is described as 
non-Newtonian (14). The extent of dilution could have 
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Figure 4. Effect of the co-surfactant-to-surfactant ratio on 
the solubility of piroxicam.

Figure 5. Summary of the effect of water content on the 
solubility of piroxicam.
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a dramatic effect on the viscosity of a microemulsion. 
The viscosity of the tested microemulsion samples 
initially increased but then decreased upon dilution with 
water. The maximum increase in viscosity was observed 
at 50% aqueous dilution followed by a sharp decrease 
in viscosity afterwards. The increase in viscosity upon 
water dilution may be attributed to (i) an increase 
in the degree of hydration of the very hydrophilic 
polyoxyethylene oxide head groups of the surfactant 
and also to (ii) the presence of propylene glycol, which 
increases the hydrophilicity of the surfactant (18). The 
results obtained are shown in Figure 6.

3.8. Electrical conductivity of microemulsions

Electrical conductivity measurements can be used to 
analyze the microstructure of a microemulsion. An o/w 
microemulsion has a conductance in the same range 
as the conductance in the neat aqueous phase, and the 
conductance in a w/o microemulsion is typically four to 
five orders of magnitude lower. In a bicontinuous case, 
both water and oil self-diffusion coefficients are of the 
same order of magnitude as in the neat liquid (16-19).
 The great changes in conductivity with water 
dilution can be attributed to phase inversion from 
reverse swollen micelles (w/o) to direct micelles 
(o/w). A constant correlation could exist between 
the specific structure and the electrical conductivity 
of the microemulsion, providing support for the use 
of electroconductivity measurements to localize 
bicontinuous media on the diagrams (6).
 The concept of percolation transition proposed 
by de Gennes and Taupin (20) was used to interpret 
the conductivity of disordered media such as 
microemulsions (21). In such systems (microemulsions), 
conductivity is governed by a universal law independent 
of the physical properties of the medium such that
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                              K = (Qw – Qp)t

where K is the conductivity in millivolts (mV), Qw is 
the water volume fraction (dispersed volume fraction), 
Qp is the dispersed volume fraction at the percolation 
threshold, and t depends on the system dimensionality 
(t = 1.5-1.6 for a three-dimensional system).
 In the present work, the conductance values 
(K) in the selected microemulsions were examined 
to see if they followed this law or not (the data is 
shown in Figure 7). In order to determine Qp (the 
percolation threshold), K1/t was plotted versus Qw. 
Figure 8 represents the percolation threshold of the 
five formulations investigated. For t = 1.5, a linear 
correlation between K1/t and Qw was noted. Similar 
results were obtained by Thevenin et al. (6), who 
posited that the intrinsic Qp value depends on the 
droplet size and the interaction between them. Thevenin 
et al. also indicated that the low value of the threshold 
is the consequence of the attractive interactions of the 
conductive species in the system. An interesting finding 
from the current study is that the highest threshold 

Figure 6. Effect of water content on the viscosity of 
microemulsion formulations.

Figure 7. Electro-conductivity of selected microemulsion 
formulations with different water content.

Figure 8. Percolation threshold determination.
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value was obtained with a more lipophilic co-surfactant, 
which should require more dilution before transition to 
a bicontinuous system.

3.9. Thermodynamic stability of microemulsions

Thermo stability differentiates nano- or microemulsions 
from emulsions that have kinetic stability and will 
eventually display phase separation (9,10). All tested 
formulations succeeded in passing thermodynamic 
stability tests such as a heating-cooling cycle test, 
centrifugation test, and a freeze-thaw stress cycle test.

3.10. Physical stability of microemulsions

Pre-microemulsion and microemulsion formulations 
with different levels of water dilution were stored at 
25°C and protected from light for about six months. 
The tested pre-microemulsion formulations remained 
in a single phase, were clear, and had no changes in 
color or viscosity (data not shown). In addition, the 
microemulsion formulations containing piroxicam were 
exposed to the same test conditions and the results 
clearly revealed that there was no drug precipitation 
and no color or viscosity changes (data not shown).

3.11. In vitro release studies with piroxicam

In vitro release of piroxicam was performed as 
described in the "Materials and Methods". The release 
profiles of piroxicam from each formulation were 
determined by plotting the percentage of piroxicam 
released over time in minutes (Figure 9). The results 
of piroxicam release were compared to those of a 
piroxicam solution in phosphate buffer, pH 7.4.
 As shown in Figure 9, after 5 h about 74.2%, 
62.4%, 52.2%, 44.9%, and 40.6% of piroxicam was 
released from ME F2, ME F1, ME F4, ME F3, and 
ME F5, respectively, whereas about 100% of the drug 
was released from the aqueous buffer solution of the 
drug over the same period of time. This suggests that 
free piroxicam is released very quickly from the buffer 
solution. Since the microemulsion formulations have 
higher viscosity than the reference solution, piroxicam 
was quickly released from this solution. The data clearly 
revealed that the release rates of piroxicam depended 
on the viscosity of the system. This agrees with data 
from Attwood and Florence (14), who stated that the 
rate of drug release from microemulsion formulations 
depended on the vehicle used, the viscosity of the 
system, and the existence of surfactant micelles. This 
conclusion also agrees with the results obtained by El-
Badry (22).
 The effect of vehicle viscosity on the amount of 
drug released was studied, and the amount of drug 
released was found to be inversely proportional to the 
viscosity of the vehicle used but independent of the 

nature of viscolizer used. This conclusion agrees with 
the data from Mokhtar et al. (16), who studied the in 
vitro release of atenolol from different microemulsion 
bases. Mokhtar et al. found that the release rates of 
atenolol depended substantially on the vehicle used, 
the viscosity of the system, and the existence of 
surfactant micelles. The present results also agree with 
data from Dalmora et al. (12), who studied the effect 
of incorporation of piroxicam in positively charged 
microemulsions on the release profile. Dalmora et al. 
found that this incorporation resulted in a maximum 
release level about 3.6-fold lower than that of the 
control solution (the same concentration of piroxicam 
in a phosphate buffer, pH 5.5). Therefore, the previous 
data imply that the incorporation of piroxicam in the 
microemulsion formulations may result in less release 
than from the reference solution (i.e., an aqueous buffer 
solution of piroxicam) over the same period of time. 
Another more important characteristic observed in the 
systems containing a microemulsion is the capacity 
for the internal phase (the oil) of the microemulsion to 
retain piroxicam. This allowed a constant and regular 
release over time in comparison to the reference 
solution.

4. Conclusion 

Solubility studies showed that oleic acid, Tween-80, and 
propylene glycol resulted in the highest solubilization 
of piroxicam, and thus a triangular phase diagram 
was prepared using these components. In accordance 
with the prepared triangular phase diagrams, the most 
suitable microemulsion formulations were selected 
for further investigation. The selected microemulsion 
formulations were then characterized. Particle 
size measurement proved that all the investigated 
formulations, regardless of whether they had only 
microemulsion bases (i.e., piroxicam-free formulations) 
or contained piroxicam, had a particle size of 500 nm, 
which falls within the range for the particle size of a 
microemulsion. Both physical and thermodynamic 
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Figure 9. Percent release of piroxicam from microemulsion 
formulations as compared to a piroxicam solution in 
phosphate buffer, pH 7.4.
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stability tests proved that all the selected microemulsion 
formulations were physically and thermodynamically 
stable. Finally, an in vitro study of piroxicam release 
from these formulations allowed the selection of 
the most suitable microemulsion formulations with 
the greatest in vitro release of piroxicam. The most 
suitable microemulsion formulation in this study was 
microemulsion formulation 2, which consisted of 10% 
oleic acid, 60% Tween-80, 30% propylene glycol, 
50% water of the total pre-microemulsion weight, and 
0.5% piroxicam. This formulation had the best particle 
size as well as good physical and thermodynamic 
stability in addition to the best and the greatest in vitro 
release among all of the investigated formulations. 
The incorporation of piroxicam in microemulsion 
formulations led to enhancement of the piroxicam 
release profile by allowing constant and regular in 
vitro release as well as reducing piroxicam's particle 
size to that suited to a microemulsion. Thus, the usage 
of a microemulsion technique led to improvement in 
piroxicam availability, suggesting the potential for 
the technique's use as topical vehicle for piroxicam 
delivery.
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ABSTRACT: The main purpose of this work 
was to determine the in vitro release of piroxicam 
in microemulsion formulations from different 
pharmaceutical topical preparations including 
different gel bases, such as, methyl cellulose (MC), 
carboxy methyl cellulose (CMC), hydroxypropyl 
methyl cellulose (HPMC), Carbopol 934, Carbopol 
940, and Pluronic F-127 bases. The effect of the 
employed gel bases on the in vitro release profiles 
of piroxicam was examined to choose the base 
which gave the highest in vitro release. The kinetic 
treatments and parameters derived from in vitro 
release of piroxicam formulations were calculated 
according to different kinetic orders or systems. 
These gel formulations were selected for rheological 
and stability studies.  Stability studies were 
conducted to investigate the change in drug content, 
viscosity, and pH of the semisolid formulations. 
The results showed that, the incorporation of 
piroxicam in microemulsion formulas could lead 
to enhancement of piroxicam release profiles by 
allowing constant and regular in vitro release. Three 
percent MC gel base showed the highest release of 
piroxicam-microemulsion after 180 min (97.70%) 
followed by 3% HPMC (94.0%) when compared to 
bases containing piroxicam alone. All the medicated 
gel bases containing piroxicam exhibit pseudoplastic 
flow with thixotropic behavior. The degradation of 
piroxicam from its topical formulations was found 
to be a zero-order reaction based on the mean value 
of correlation coefficients. All formulations were 
quite stable. The shelf life of the gel containing 
HPMC base was about 2.85 years. Considering the 
in vitro release, rheological properties and shelf 
life, HPMC gel base containing 0.5% piroxicam in 
a microemulsion formula was the best among the 
studied formulations.

Keywords: Piroxicam, topical, microemulsion, gel, 
hydroxypropyl methyl cellulose

1. Introduction

Piroxicam is a non steroidal anti-inflammatory 
drug (NSAID) that exhibits anti-inflammatory, anti-
rheumatoid arthritis (1), analgesic (2), and antipyretic 
activities in animal models. Piroxicam like other non 
steroidal anti-inflammatory drugs causes side-effects 
on the gastro-intestinal system and other systems 
of the body. Piroxicam has a number of undesirable 
physicochemical properties including its poor solubility 
in water (3). Various strategies have been used to 
overcome the problems arising from its poor aqueous 
solubility and to improve bioavailability. Among these 
strategies were the use of penetration enhancers and 
a prodrug approach (4). Thus for this reason, topical 
administration of piroxicam have been studied as a way 
to minimize these side effects.
 Microemulsions which are optically isotropic 
and thermodynamically stable systems of water, oil, 
surfactant and cosurfactant, have been studied as 
drug delivery systems because of their solubilization 
capacity for poorly water soluble drugs as well as 
their enhancement effects on topical and systemic 
availability.  For example, oral microemulsion 
formulations have been successfully developed for 
cyclosporine, a highly lipophilic and poorly aqueous 
soluble drug for improving oral absorption and reducing 
absorption variation (5,6).
 It is considered that the improved absorption 
from microemulsions is due to incorporation of drug 
into microemulsion droplets, the smaller size of 
microemulsion droplets, the increased specific surface 
area, and the increased membrane permeability towards 
the drug via solubilization of certain membrane 
components and pore formation. All these factors 
resulted in enhancing contact with the gastro-intestinal 
tract. Another important factor is the inner polarity of 
droplets governed by the hydrophilic lipophilic balance 
of surfactant used. The change in droplet polarity 
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affects the arrangement of drug and surfactant on the 
droplet interface and alters drug transdermal (9), and 
parenteral drug delivery systems (10). A very few 
studies have reported the use of microemulsions as 
nasal drug delivery systems (11).
 There are different types of topical administration 
including ointments, creams, and gel preparations. 
Gels are semisolid preparations containing large 
proportions of water. They are used pharmaceutically 
as lubricants and also used as carriers for many 
drugs because of their local effects and percutaneous 
absorption (12). Gels are particularly suitable for 
water soluble medicaments and are less satisfactory 
for insoluble substances which are often difficult to be 
incorporated uniformly. They are easy to be applied 
and the evaporation of the water content produces a 
pleasant sensation. The residual film usually adheres 
well and gives protection but it is easily removed by 
washing when the treatment is complete (13).
 Some of the gelling agents are available in 
different grades with a different viscosity at a definite 
concentration (14). According to the nature of the 
colloidal properties, gel bases are classified into: 
inorganic gel bases, e.g. Bentonite magma; organic 
gel bases which were further subdivided according 
to the nature of the dispersed organic molecule (15), 
polypeptides, e.g. gelatin; synthetic block copolymers, 
e.g. poloxamers (16), and semi-synthetic polymers, e.g. 
effective cellulose derivatives including sodium carboxy 
methyl cellulose (CMC), hydroxyl propyl cellulose and 
hydroxyl propyl methyl cellulose (HPMC) (17,18).
 The objective of this study was to determine 
the in vitro release of piroxicam in microemulsion 
formulations from different pharmaceutical topical 
preparations including different gel bases such as 
methyl cellulose (MC), CMC, HPMC, Carbopol 934, 
Carbopol 940, and Pluronic F-127 bases. The effect 
of the employed gel bases on the in vitro release 
profiles of piroxicam was studied to choose the base 
which gave the highest in vitro release. The kinetic 
treatments and parameters derived from the in vitro 
release of piroxicam formulations were calculated 
according to different kinetic orders or systems. These 
gel formulations were selected for rheological and 
stability studies. Stability studies were conducted to 
see the change in drug content, viscosity, and pH of 
the semisolid formulations. Finally, the composition 
of the formulation with best overall properties was 
determined.

2. Materials and Methods

2.1. Materials

Piroxicam (Batch No. 20030202) and CMC were 
purchased from El-Nasr Pharmaceutical Chemicals 
(Cairo, Egypt). Methyl cellulose, HPMC, triethanolamine 

(TEA), and Pluronic F-127 were from Sigma-Aldrich 
(St Louis, MO, USA). Carbopol 934 and 940 were from 
Goodrich Chemical Co. (London, England). All other 
materials were of analytical grade and they were used 
without any further purification.

2.2. Microemulsion formulation and phase diagram 
construction

The selected oil (oleic acid), surfactant (Tween-80) 
and cosurfactant  (propylene glycol)  from the 
solubility studies (22) were used in this method. The 
microemulsion domains were distinguished using the 
corresponding phase diagrams. The microemulsion 
phases were identified as the area in the phase diagram 
where clear and transparent formulations were produced 
based on visual inspection of many samples.
 The domains of existing transparent, isotropic 
systems were considered to correspond to the 
microemuls ion phases .  Phase  d iagrams were 
constructed at room temperature, approximately 25°C 
as outlined by Li et al. (11) with slight modifications. 
The ternary phase diagrams of surfactant, cosurfactant, 
and oil were developed at a constant water percent 
from 0 to 400% of total initial weight of surfactant, co-
surfactant, and oil mixtures, with mixtures containing 
0% water referring to premicroemulsion.
 For initial determination of microemulsion phase 
areas within the entire phase diagram, about 36 
sample mixtures (based on 10% change in weight) 
of oil, surfactant, and cosurfactant were carefully 
weighed, mixed with the aid of a vortex and visually 
inspected for phase clarity and flowability. For 
more exact determination of the areas corresponding 
to  premicroemulsions  addi t ional  mixtures  of 
surfactant, co-surfactant, and oil were prepared with a 
concentration change rate of 5% for each component 
at the boundary obtained from the previous step. 
Samples were then titrated with water in a drop-wise 
manner and mixed thoroughly by vortexing until 
clear and transparent microemulsion phase regions 
could be identified. Once the microemulsion phase 
was identified additional samples were prepared to 
determine the boundary regions. No heating was used 
during the preparation.
 The clear areas corresponding to either pre-
microemulsions or diluted microemulsions were 
constructed inside the triangular phase diagram using the 
Microsoft program AutoCAD 2000.

2.3. Preparation of microemulsions containing 
piroxicam

Piroxicam was accurately weighed and added simply 
to the selected premicroemulsion bases from the 
constructed phase diagrams. Vortexing was required 
to dissolve piroxicam completely in microemulsion 
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slowly added to cold distilled water (5-10°C) while 
maintaining constant agitation with a magnetic stirrer. 
The dispersion was left overnight in a refrigerator to 
form a clear viscous solution (19,20).

2.4.6. Preparation of Pluronic F-127 gel bases 
containing piroxicam

The formulas of Pluronic F-127 gel bases were 
prepared by addition of piroxicam in microemulsion 
form or piroxicam alone to the gel and mixing is done 
while the gel is liquid. The poloxamer gels exhibit 
thermal behavior and therefore are fluid at lower 
temperatures (19,20).

2.5. In vitro release of piroxicam from different gel 
bases

The release pattern of the drug from the gel bases was 
examined using a cell diffusion model as described 
elsewhere (24), holding the temperature of the 
water bath at 37 ± 2°C. The dissolution apparatus 
(USP dissolution test apparatus II, version DT 600, 
Heusenstamm, Germany) adapted for semi-solid 
formulations was set up, containing 300 mL phosphate 
buffer pH 7.4, at a speed of 120 rpm: the diffusion 
system had a static cell. A synthetic cellulose acetate 
membrane (7.54 cm) previously treated with distilled 
water at 100°C for 5 min and maintained at 4°C was 
fixed at the end of the glass tube of the diffusion cell. 
The experimental procedure was carried out using 2 
g of gel base. The analysis was performed with 2 mL 
samples withdrawn from the dissolution medium at 
15 min intervals. The removed samples were replaced 
with equal volumes of phosphate buffer at the same 
pH to maintain a constant volume for the receiving 
medium.
 Control samples with the same composition of 
oil, surfactant, and cosurfactant in gel bases were 
treated as before in order to eliminate the effect of 
microemulsion components on the UV absorption of 
piroxicam. The amount of the drug released from the 
bases was determined spectrophotometrically at 350 nm 
by measuring the test samples against blank samples. 
Experiments were done in triplicate and mean results 
were reported (25).

2.6. Kinetic analysis of drug release data

The kinetic data for the in vitro release of piroxicam 
was estimated using different kinetic orders (zero-, 
first-, and second-order) or systems such as Higuchi's 
diffusion model (26), the Hixson-Crowel cup root law 
(27), and the Baker-Lonsdale equation (28). A special 
computer program was used to calculate the kinetic 
treatments, kinetic parameters and kinetic data for the 
in vitro release from piroxicam microemulsions.

systems. The final piroxicam concentration was 
adjusted to be 0.5% (w/v).

2.4. Determination of particle size

The determination of the particle was done for both 
premicroemulsion formulas (i.e., piroxicam free 
formulas) and microemulsions containing piroxicam 
using a JEOL Transmission Electron Microscope 
(JTEM) model 1010 (JEOL, Ltd., Tokyo, Japan).

2.4.1. Preparation of plain cellulosic gel bases

The weighed amounts of the cellulosic polymer powder 
was sprinkled gently on a vortex in a 100 mL beaker 
containing distilled water, and magnetically stirred at 
high speed. Stirring was continued until a thin hazy 
dispersion, without lumps, was formed. For complete 
gel dispersion it was necessary to leave samples 
overnight in the refrigerator (19,20). The same method 
was used for all cellulosic substances except boiling 
distilled water was used for the MC gel, and a portion 
of hot distilled water at 80°C was used for the HPMC 
gel preparation while the remaining amount of cold 
water was added and mixing was continued until a 
smooth homogenous HPMC gel was formed (21).

2.4.2. Preparation of cellulosic gel bases containing 
piroxicam

The formulas for cellulosic gel bases were prepared by 
addition of piroxicam in microemulsion form (22), or 
piroxicam alone was added during the stirring process 
and the steps were completed as mentioned above for 
plain cellulosic gel bases.

2.4.3. Preparation of plain Carbopols (934 and 940) 
gel bases

Carbopol 934 or 940 gel bases were prepared by 
homogenizing 0.5% (w/v) Carbopol dispersion in 
sufficient water using a magnetic stirrer for 30 min and 
leaving it to equilibrate for 24 h. After that, pH was 
adjusted to 5-7 with triethanolamine (23).

2.4.4. Preparation of Carbopols (934 and 940) gel 
bases containing piroxicam

Formulas of both Carbopol 934 and 940 gel bases were 
prepared by addition of piroxicam in microemulsion 
form or piroxicam alone during the stirring process and 
the steps were completed as mentioned for Carbopol 
plain gel bases.

2.4.5. Preparation of plain Pluronic F-127 gel base

The required amount of Pluronic F-127 powder was 
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2.7. Rheological properties of semisolid preparations

A Brookfield LVT DV-II Programmable Viscometer of 
Engineering Laboratories, Inc. (Middleboro, MA, USA) 
was connected to a thermostatic water bath adjusted 
to 25°C. The viscosity of the plain gel bases and the 
medicated bases containing piroxicam which gave the 
highest in vitro release was determined. Measurements 
were carried out to determine the most suitable gel bases.
 Viscosity was measured on each base by using 
spindle 40. A defined amount (0.5 g) of each gel base 
was placed inside the plate and carefully closed. The 
measurement was started by operating the viscometer 
at 0.6 rpm, the speed was gradually increased and the 
measurement was recorded when the torque reached 
10%. The speed was gradually increased at a constant 
rate for all tested samples until the torque reached 
90%, with 30 sec between each successive speed. 
The rheological parameters, including viscosity, 
shear rate, shear stress, and yield value, were directly 
obtained from the monitor. The speed was then reduced 
gradually, using the same order as the increasing 
speeds, until reaching the starting rpm.
 A complete rheogram was obtained by either 
plotting the shear rate as a function of the shear stress 
or plotting the viscosity as a function of shear rate.
 The flow properties of microemulsion formulas can 
be determined by using the equation for non-Newtonian 
systems as follows. For plastic flow, plastic viscosity (η) 
was described in the following equation. 

 η = (F – f)/G                           ----- Ex. 1

Where, f is the yield value or intercept, on the shear 
stress axis is dyne cm–2, F is the shear stress and G 
is the rate of shear. For pseudoplastic flow, several 
approaches have been used to obtain meaningful 
parameters that will allow different pseudoplastic 
materials to be compared (29). Of those, the exponential 
formula has been used most frequently.

η' = (FN)/G                          ----- Ex. 2

The exponent N (Farrow's constant) rises as the flow 
becomes increasingly non-Newtonian. The term η' 
represents viscosity coefficient. By arrangement of the 
above equation,

log G = N log F – log η'           ----- Ex. 3

An equation for a straight line is obtained. Many 
pseudoplastic systems fit this equation when log G is 
plotted as a function of log F.

2.8. Measurement of thixotropy

Measurement of thixotropic behavior of both plain and 

medicated gel bases was determined using the cut and 
weight method (30) in order to calculate the hysteresis 
loop between the upward curve and downward curve 
of each plain and medicated gel base using calc paper 
(70 g, 21 × 29.7 cm).

2.9. Stability studies of semisolid preparations

The prepared plain and medicated gel bases were stored 
in well stoppered polyvinyl chloride (PVC) plastic 
containers in the dark for 6 months at room temperature. 
They were checked for drug content, viscosity, and pH 
change bimonthly throughout the period. The method 
used by Tas et al. (31) to investigate the stability 
of chlorpheniramine maleate in gels prepared using 
different cellulose derivatives were followed in the 
present studies.

2.9.1. Piroxicam content study

An accurately weighted quantity of each gel base 
(about 100 mg) was dissolved in about 50 mL of 
phosphate buffer (pH 7.4). These solutions were 
quantitatively transferred to volumetric flasks and 
appropriate dilutions were made with the same buffer 
solution. The resulting solutions were then filtered 
through 0.45 μm membrane filters before subjecting 
the solution to spectrophotometric analysis for 
piroxicam at 350 nm (20,32).

2.9.2. Viscosity measurements

A Brookfield Viscometer was used to measure the 
viscosity of the prepared gel bases. The spindle was 
rotated at 10 rpm. Samples of the bases were allowed 
to settle over 30 min at room temperature before the 
measurements were taken (20,32).

2.9.3. pH measurements

The pH was measured in each base using a pH meter 
that was calibrated before each use with buffered 
solutions at pH 4, 7, and 10. A defined amount of 
each tested base was taken and diluted with calibrated 
distilled water and mixed well. The electrode of the pH 
meter was immersed in the prepared base solution for 
pH determination (33).

3. Results and Discussion

3.1. Preparation of topical formulations

Preliminary screening using different concentration of 
polymers in the gel formulations (3% methyl cellulose, 
2% carboxy methylcellulose, 3% hydroxypropyl 
methylcellulose, 0.5% Carbopols (934 and 940), and 
20% Pluronic F-127) was performed before the present 
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study. The lowest concentration of each polymer needed 
to form gels was used to prepare the formulations for 
dissolution, rheological, and stability studies. It was 
found that drug release decreased with higher polymer 
concentration. One obvious reason for this would be 
the increase in viscosity due to the increase in polymer 
concentration. It is also possible that at higher polymer 
concentrations the active substance was trapped by 
the polymer molecules and by its close proximity 
to polymer molecules. This increased the resistance 
to diffusion more than expected. Additionally the 
density of chain structures which has been observed 
in gels microstructure increased at higher polymer 
concentrations and this limits the active substance 
movement area (34-37).

3.2. In vitro release of piroxicam from gel bases

The previously mentioned concentrations of gel bases 
were selected since they gave the best release with most 
previously studied drugs and it is apparent that drug 
release rate decreases as the concentration of the gel 
increases (38-41).
 An explanation for this behavior is the increased 
number of micelles at higher gel concentration as in the 
case of Pluronic F-127, resulting in a more entangled 
system and a more rigid gel (40). Also, decreased drug 
release by an increase in the concentration of the gel 
may be attributed to the differences in the viscosity of 
the polymers (38,41). As shown in Figures 1 and 2, 
piroxicam in its microemulsion form clearly exhibited a 
higher in vitro release as compared with plain piroxicam.

3.2.1. Release of piroxicam from cellulose derivative 
gel bases

The direct addition of MC and HPMC into water causes 
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coagulation and subsequent dissolution is slow and 
difficult. Both MC and HPMC are soluble in hot water, 
consequently the initial uniform dispersion can be done 
in hot water followed by cooling (42). As shown in 
Figure 1, it was clear that the release of piroxicam from 
3% MC gel bases was higher than that from other tested 
cellulose derivative gel bases (CMC and HPMC). The 
in vitro release of piroxicam-microemulsion formulas 
from different cellulose derivative gel bases could be 
arranged in a descending manner as follows: 3% MC > 
3% HPMC and finally 3% CMC. By combining the two 
previous arrangements, the in vitro release of piroxicam 
from plain drug and drug-microemulsion cellulose 
derivative gel bases could be arranged in a descending 
manner as follows: 3% MC-ME > 3% HPMC-ME > 3% 
MC > 3% HPMC > 3% CMC-ME and finally 3% CMC 
gel base.

3.2.2. Release of piroxicam from Carbopols and 
Pluronic F-127 gel bases

The least concentration of both Carbopols 934 and 
940 and Pluronic F-127 was used since the decreased 
release encountered by increasing the concentration 
of the gel may be attributed to the difference in the 
viscosity of the polymers (40,41,43). As shown in 
Figure 2, Carbopol 934 gels showed a higher release 
than Carbopol 940 gels. These results were attributed 
to the fact that Carbopol 934 gel base exhibited a lower 
viscosity than the Carbopol 940 gel base (44).
 The in vitro release of piroxicam from different 
Carbopols and Pluronic F-127 gel bases can be arranged 
in a descending manner as follows: 0.5% Carbopol 
934 > 0.5% Carbopol 940 and Pluronic F-127. The in 
vitro release of the piroxicam-microemulsion formula 
from different Carbopols and Pluronic F-127 gel bases 
could be arranged in a descending manner as follows: 

Figure 1. Percentage of piroxicam released from plain 
and microemulsion gel base. Open circle, 3% MC; Closed 
circle, 3% MC-ME; Open triangle, 3% CMC; Closed triangle, 
3% CMC-ME; Open square, 3% HPMC; Closed square, 3% 
HPMC-ME.

Figure 2. Percentage of piroxicam released from Carbapol 
and Pluronic F-127 from plain and microemulsion gel base. 
Open circle, Carbapol 934; Closed circle, Carbapol 934-ME; 
Open triangle, Carbapol 940; Closed triangle, Carbapol 940-ME; 
Open square, Pluronic F-127; Closed square, Pluronic F-127-ME.
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0.5% Carbopol 934 > 0.5% Carbopol 940 and Pluronic 
F-127. By combining the two previous arrangements, 
the in vitro release of piroxicam from plain drug and 
drug-microemulsion could be arranged in a descending 
manner as follows: 0.5% Carbopol 934-ME > 0.5% 
Carbopol 934 > 0.5% Carbopol 940-ME > Pluronic-ME 
> Pluronic and finally 0.5% Carbopol 940 gel base.

3.3. Kinetic data of piroxicam in vitro release

According to the results obtained from the in vitro 
release data for all gel bases, the bases that gave the 
best release were chosen to study kinetic behavior. In 
order to develop an ideal kinetic model to interpret 
the diffusion data in terms of meaningful parameters, 
various kinetic models including zero-order, first-order, 
and the Higuchi diffusion model were applied to obtain 
the best fit for the results. As shown in Table 1, it was 
found that in vitro release of piroxicam-microemulsion 
formulas followed zero-order for Carbopol 940, first-
order for 3% MC and Pluronic F-127, and Higuchi 
diffusion order for 3% CMC, 3% HPMC, and 0.5% 
Carbopol 934. The kinetic data showed that the in vitro 
release of piroxicam followed different kinetic orders 
and that no single kinetic order could be used to express 
drug release from specific types of topical formulations.
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3.4. Rheological properties of topical formulations

The rheological  evaluation of pharmaceutical 
semisolids is useful since it provides a method of 
quality control during and after the manufacturing 
process and information about the structure of the 
phases present in a product and the influence of various 
agents used in its formulation. All the investigated gel 
bases (plain or medicated) were subjected to rheological 
examination. All the studied gel bases exhibited 
pseudoplastic behavior with thixotropic character. 
The results are shown in Table 2. Gel formulations 
containing piroxicam micremulsion in MC and HPMC 
bases were at the top in terms of thixotropy. Thixotropy 
is a desirable property in liquid pharmaceutical systems 
because these systems retain their high consistency in 
the container yet can be poured from the containers 
precisely and spread on the skin easily (45). Besides, 
thixotropy improves product stability by decreasing 
the rate of sedimentation, which may be crucial for 
parenteral products.

3.5. Stability studies

Shelf storage stability tests of semisolid preparations 
based on storing the preparation at room temperature 

Intercept (a)

46.66
  1.92
23.07

27.97
  1.88
11.89

33.42
  1.96
  9.36

21.81
  1.99
  4.63

15.16
  1.97
  6.20

25.34
  1.91
  3.86

Slope (b)

   0.319
 –0.018
   5.852

   0.234
 –0.021
   4.144

   0.341
 –0.006
   6.056

   0.383
 –0.005
   6.809

   0.318
 –0.003
   5.579

   0.305
 –0.003
   5.466

Correlation (r2)

   0.9497
   0.9872
   0.9858

   0.9934
   0.9964
   0.9966

   0.9908
   0.9572
   0.9958

   0.9920
 –0.9862
   0.9985

   0.9978
   0.9899
   0.9929

   0.9813
 –0.9997
   0.9968

Rate constant (k)

   0.319
 –0.018
   5.852

   0.224
 –0.005
   4.143

   0.341
 –0.013
   6.056

   0.383
 –0.011
   6.809

   0.318
 –0.006
   5.580

   0.305
 –0.007
   5.466

t1/2 (min)

156.6
  38.2
  73.0

213.7
143.2
154.6

146.5
  54.7
  68.2

130.5
  65.2
  53.9

157.4
111.5
  80.3

163.9
  99.9
  83.7

Kinetic order or model

Zero
First
Diff.

Zero
First
Diff.

Zero
First
Diff.

Zero
First
Diff.

Zero
First
Diff.

Zero
First
Diff.

Bases

MC (3%)

CMC (3%)

HPMC (3%)

Carbopol 934 (0.5%)

Carbopol 940 (0.5%)

Pluronic F-127 (20%)

Table 1. Kinetic parameters of piroxicam released from cellulosic derivatives, Carbapols and Pluronic F-127 gel bases 
containing piroxicam-microemulsion formulae

Higuchi model was written in the table as diffusion model (Diff.).

Formulae

3% MC
3% CMC
3% HPMC
0.5% Carbopol 934
0.5% Carbopol 940

 Max

   289
9,310
     74
6,630
9,550

 Min

     63
1,210
     35
   784
   337

Thixotropic behavior (cm2)

2.36
5.34
2.16
1.63
2.10

Farrow's constant

1.74
1.42
1.92
1.42
1.31

Viscosity (cp)

Table 2. Viscosity and thixotropic behavior of piroxicam prepared from microemulsion in different gel bases
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were carried out to detect any changes in drug content, 
viscosity, and pH of the preparations through 6 months. 
The results are summarized in Table 3. All of the gel 
samples showed excellent results in these studies. Drug 
degradation was found to be in the range 3.3-7.9% after 
6 months. Viscosity values after 6 months compared 
to the initial viscosity were in the range 2-52%, while 
pH changed 0.08-0.23 units only. In all cases, MC 
and HPMC showed the smallest changes in these 
parameters (Table 3).
 According to the results obtained from the kinetic 
analysis of the stability tests, it was obvious that the 
degradation of piroxicam was found to obey a zero-
order reaction for all the tested gel bases, based on 
the values of the correlation coefficient (r) (Table 4). 
After knowing the half-life (t1/2) of all the investigated 
gel bases, it was possible to calculate the time after 
which the gel bases lose 10% of their initial content 
(t90). This is a direct calculation of the length of 
time through which the gel bases would remain and 
complies with the official requirement of drug content. 
From these results, it was obvious that 3% HPMC and 
3% MC gave the longest t90 in years of 2.85 and 2.08, 
respectively.

4. Conclusion

The incorporation of piroxicam in microemulsion 
formulas could lead to enhancement of piroxicam 

release profiles by allowing constant and regular 
in vitro release as well as reduction in piroxicam 
microemulsion particle size. Thus usage of the 
microemulsion technique led to improvement in 
piroxicam availability which can offer many promising 
features for its use as a topical vehicle for piroxicam 
delivery. Various gel bases containing piroxicam-
microemulsion were studied for drug release, rheologic 
behavior, and stability of the topical formulations. 
Three percent MC gel base showed the highest release 
of piroxicam-microemulsion after 180 min (97.7%) 
followed by 3% HPMC (94.0%) when compared to 
bases containing piroxicam alone. All the medicated 
gel bases containing piroxicam exhibited pseudoplastic 
flow with thixotropic behavior. The degradation of 
piroxicam from its topical formulations was found to 
be a zero-order reaction based on the mean values of 
correlation coefficients. All formulations were quite 
stable. The shelf life of the gel containing HPMC base 
were about 2.85 years. Considering in vitro release, 
rheological properties and shelf life, the HPMC gel 
base containing 0.5% piroxicam in microemulsion 
formula was the best among the studied formulations.
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Formulae

3% MC

3% CMC

3% HPMC

t1/2 (min)
  
   124.6
 –168.6
   237.8
     70.0  
   –93.0
   128.8
   170.9
 –232.1
   328.5

Intercept (a)

 –0.593
   2.003
   0.009
 –1.350
   2.006
   0.009
 –0.154
   2.001
   0.009

Slope (b)

   0.401
 –0.002
   0.001
   0.714
 –0.003
< 0.001
   0.293
 –0.001
< 0.001

Correlation (r2)

   0.9957
 –0.9954
   0.9951
   0.9833
 –0.9812
   0.9791
   0.9968
 –0.9966
   0.9964

Rate constant (k)

   0.401
 –0.004
< 0.001
   0.714
 –0.008
< 0.001
   0.293
 –0.003
< 0.001

Kinetic order

Zero
First
Second
Zero
First
Second
Zero
First
Second

Table 4. Kinetic parameters for shelf stability testing of piroxicam released from different gel bases

Table 3. Various parameters for shelf storage stability tests for up to 6 months

Parameters

Piroxicam content (%)
   3% MC
   3% CMC
   3% HPMC
Viscosity (dyne/cm)
   3% MC
   3% CMC
   3% HPMC
pH values
   3% MC
   3% CMC
   3% HPMC

0

   100
   100
   100

   265
2,914
     69

       7.28
       7.80
       7.71

1

     99.6
     99.4
     99.5

   266
2,907
     67

       7.28
       7.84
       7.77

2

     99.2
     98.7
     99.0

   268
2,898
     67

       7.25
       7.88
       7.77

3

     98.3
     97.4
     98.5

   268
2,895
     66

       7.25
       7.92
       7.68

4

     97.5
     96.1
     97.9

   269
2,887
     66

       7.22
       7.96
       7.66

5

     96.5
     94.5
     97.1

   269
2,879
     65

       7.19
       7.98
       7.63

6

     95.8
     92.1
     96.7

   270
2,862
     65

       7.19
       8.03
       7.63

 Storage periods (Months)
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ABSTRACT: Nitric oxide (NO) appears to play a 
critical role in modulating gastric mucosal defense. 
Administration of NO donors has been reported to 
protect the gastrointestinal mucosa against damage 
induced by several irritants. However, the possible 
role of NO in healing existing ulcers must be 
clarified further. Therefore, the present study was 
designed to assess the effect of modulation of NO on 
the healing of an indomethacin-induced peptic ulcer 
using a NO precursor, L-arginine, and a competitive 
inhibitor of NO synthase, L-NAME. Results of 
administering L-arginine were compared to those 
using nitroglycerin (NTG), an NO donor. Rats were 
injected with a single oral dose of indomethacin (30 
mg/kg) and then treated with L-arginine (200 mg/kg, 
i.p.), NTG (1 mg/kg, i.p.) or L-NAME (15 mg/kg, i.p.) 
once daily for 7 d starting 4 h after the indomethacin 
injection. Gross lesion examination and histological 
assessment were done. NO, prostaglandin (PGE2), 
and mucin content in gastric tissue were detected. 
In addition, oxidative stress markers including 
glutathione (GSH) and lipid peroxides were 
measured. L-arginine and NTG almost completely 
healed indomethacin-induced ulceration as indicated 
by macroscopic and histological examination, 
restoration of normal levels of NO and GSH, and 
a significant attenuation of the increase in PGE2 
and lipid peroxides induced by indomethacin. In 
contrast, L-NAME was found to exacerbate mucosal 
damage. In conclusion, the present study provides 
further evidence for the role of NO in gastric 
ulcer healing and it suggests an alternative path to 
treating the universal problem of non-steroidal anti-
inflammatory-drug-induced gastropathy.

Keywords: Indomethacin, L-arginine, nitroglycerin, 
L-NAME, nitric oxide, gastric ulcer

1. Introduction

Peptic ulcers represent a serious medical problem due to 
their frequency among different socioeconomic classes. 
They affect 5-10% of the world's population and are 
characterized by ulceration of the stomach, duodenum, 
or both (1). Peptic ulcers are generally believed to 
result from an imbalance between aggressive factors 
and counteracting defense mechanisms. Foremost 
among aggressive factors is the use of non-steroidal 
anti-inflammatory drugs (NSAIDs). NSAIDs have 
been found to produce gastroduodenal ulcers in 25% of 
users, often with bleeding and perforation (2).
 A diminished mucosal blood flow is generally 
believed to be a major factor underlying the mechanism 
of NSAID-induced gastric damage (3). Microcirculatory 
perfusion comprises the epithelial defense mechanism 
that provides energy, oxygen, nutrients, gastrointestinal 
(GI) peptide hormones, as well as other substrates 
necessary for maintaining epithelial cell integrity. In 
addition, the circulating blood in the surface mucosa 
removes waste materials and irritating substances 
and maintains mucus production and bicarbonate 
secretion. Thus, it helps to sustain the mucosal barrier 
(4). Furthermore, surface mucosal blood flow has been 
found to play an important role in the ulcer healing 
process (1,5). Therefore, a reduced blood flow leads 
to the mucosa's increased vulnerability to damaging 
agents.
 The key factor in modulating microcirculation is 
nitric oxide (NO). When the mucosa is exposed to an 
irritant, a rapid increase in mucosal flow occurs. This 
response is initiated by sensory nerves underlying the 
epithelium, and its stimulation results in activation 
of endothelial nitric oxide synthase (eNOS) and 
subsequent production of NO. Vascular smooth muscle 
relaxes and mucosal blood flow thus increases (6). 
Moreover, Ma and Wallace (7) determined the relative 
effects of endothelial and inducible NOS on gastric 
ulcer healing and found that eNOS plays a significant 
role in gastric ulcer healing while its inducible isoform 
do not. Several studies have reported that administration 
of NO donors may protect the GI mucosa against 
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damage induced by several irritants, suggesting the 
potential use of these compounds in situations in which 
the GI mucosa is exposed to noxious substances or in 
which mucosal defense is impaired (8-10). Furthermore, 
a recent study used the NO precursor L-arginine to 
augment the gastroprotective effect of simvastatin, an 
antihyperlipidemic drug (11). However, the possible 
role of NO in treating the existing ulcers must be 
clarified further.
 The present study was thus designed to assess the 
effect of modulation of NO on healing indomethacin-
induced peptic ulcers using the NO precursor L-arginine 
and a competitive inhibitor of NOS, L-NAME. Results 
of administering L-arginine were also compared to 
those of administering nitroglycerin (NTG), an NO 
donor. Ulcer healing was evaluated macroscopically 
and histologically, and changes in PGE2, NO, and 
mucin were also detected. In addition, the pathogenesis 
of NSAID-induced GI damage is also known to depend 
on hyperproduction of reactive oxygen species (ROS) 
and thus induction of oxidative stress injury (10). Thus, 
the present study evaluated the effect of modulation of 
NO on the oxidative stress induced by indomethacin.

2. Materials and Methods

2.1. Drugs and chemicals

Indomethacin (Liometacen ampule) was obtained from 
the Nile Company for Pharmaceuticals and Chemical 
Industries, Cairo, Egypt. A single dose of 30 mg/kg was 
given by oral intubation in order to induce ulcers in 
accordance with the study of Bhattacharya et al. (12). 
L-Arginine (Merck, Germany) was dissolved in saline 
and used in a dose of 200 mg/kg (i.p.). This dose is 
suggested to protect against ulcer induction (13). NTG 
was obtained from G. Pohl-Boskamp GmbH & Co., 
(Hohenlockstedt, Germany) and used in a dose of 1 
mg/kg (i.p.) (14). L-NAME (Sigma Chemical Co., St. 
Louis, Mo, USA) was dissolved in saline and injected 
in a dose of 15 mg/kg (i.p.) (7).
 Bovine  serum a lbumin  (BSA) ,  n -bu tanol , 
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), reduced 
glutathione (GSH), Folin reagent, Griess reagent, 
1,1,3,3-tetramethoxypropane, thiobarbituric acid (TBA), 
trichloroacetic acid, and vanadium(III) chloride were 
all purchased from Sigma Chemical Co., Ltd. All other 
chemicals were of analytical grade.

2.2. Animals

This study involved eighty-five male albino rats 
weighing 150-200 g obtained from the Nile Co. for 
Pharmaceutical and Chemical Industries. The animals 
were housed in cages with wide mesh wire bottoms to 
prevent coprophagy and kept on a standard diet and 
water ad libitum. The standard food pellets (El-Nasr 

Co., Abu Zaabal, Egypt) contained a mixture of no 
less than 20% protein, 5% fiber, 3.5% fat, 6.5% ash, 
and vitamins. Rats were deprived of food but had free 
access to water 24 h before ulcer induction. The study 
protocol was approved by the local ethics committee.

2.3. Experimental design

Rats were divided into six groups. To induce gastric 
ulcers, the 1st and 2nd groups were given a single dose 
of indomethacin 30 mg/kg by oral intubation. The 1st 
group was sacrificed 4 h after indomethacin injection 
and designated the group with indomethacin-induced 
ulceration on day 0. The 2nd group was injected 
i.p. with saline, once daily for 7 d starting 4 h after 
indomethacin injection and this group was designated 
the group with indomethacin-induced ulceration on day 
7. The 3rd, 4th, and 5th groups were injected i.p. with 
L-arginine (200 mg/kg, i.p.), NTG (1 mg/kg, i.p.), or 
L-NAME (15 mg/kg, i.p.) once daily for 7 d starting 4 h 
after the indomethacin injection. The last group was the 
control group and was given saline only.
 After 7 d of treatment, rats were sacrificed under 
ether anesthesia. Their stomachs were excised, opened 
along the greater curvature, rinsed extensively with 
saline to remove attached debris, and then pinned flat 
on cardboard for evaluation of gross lesions. The length 
of individual lesions in the mucosa was measured 
and the sum of lengths of all lesions in each stomach 
served as the ulcer index (15). The severity of gastric 
lesions was scored in accordance with the method of 
Yamamoto et al. (16) as follows: 1 (ulcerated area: 
1-6 mm2), 2 (ulcerated area: 7-12 mm2), 3 (ulcerated 
area: 13-18 mm2), 4 (ulcerated area: 19-24 mm2), and 5 
(ulcerated area: > 24 mm2).
 Immediately after gross lesion examination, the 
stomach was placed on an ice-cold surface. The 
stomach tissue was cut into pieces, weighed, and 
homogenized in 0.1 M Tris-HCl buffer (pH 7.4) to 
obtain 20% (w/v) homogenate. Tissue homogenate was 
used for determination of GSH, lipid peroxides, and 
PGE2. Part of the homogenate was centrifuged at 1,000 
× g for 10 min to remove cell debris and nuclei and the 
resultant supernatant was used for estimation of NO. 
Specimens from stomachs of each group were fixed in 
alcoholic fixative material for histological examination 
and mucin assessment.

2.4. Biochemical analysis

Oxidative stress markers, GSH, and lipid peroxides 
were estimated by the methods of Ellman (17) and 
Uchiyama and Mihara (18), respectively. As an index 
of NO production, total nitrate/nitrite was estimated 
in the cytosolic fraction after protein precipitation 
using an equal volume of ethanol in accordance with 
the method of Miranda (19). In accordance with the 
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number of ulcers, a 22% increase in ulcer index, and 
a 26% increase in the ulcer score for rats receiving 
this treatment in comparison to those receiving 
indomethacin (Table 1). In addition, indomethacin 
caused the death of three animals. The highest number 
of animal deaths, five animals, occurred in the group 
treated with indomethacin + L-NAME; these deaths 
were attributed to severe hemorrhaging as was revealed 
by gross examination of the gastric ulcers. The lowest 
number of deaths, one animal, occurred in the group 
treated with indomethacin + L-arginine. No deaths 
occurred in the control group.
 As shown in Figure 1A, specimens from control 
rats revealed the normal histological structure of the 
glandular stomach for both the fundus and pylorus. 
Indomethacin treatment induced severe macroscopic 
gastric mucosal damage that was not accompanied by 
self-healing during the 7 d of the experiment. Gastric 
mucosal damage was characterized by focal necrosis 
and ulceration (Figure 1B). The inner area of the 
mucosa and lamina propria showed inflammatory cell 
infiltration as well as focal aggregation (Figure 1C). 
Edema with severe congested blood vessels was also 
detected in the lamina propria and submucosa. After 
treatment with L-arginine for 7 d, the gastric mucosa had 
an almost normal mucosal layer with little inflammatory 
cell infiltration. However, edema and congested blood 
vessels were detected in the lamina propria along with 
edema present only in the muscularis (Figure 1D). The 
stomachs of rats receiving NTG showed only focal 
desquamation in the lining mucosal epithelium along 
with little inflammatory cell infiltration in the lamina 
propria, although the muscularis was still edematous 
(Figure 1E). In contrast, rats treated with L-NAME had 
multiple gastric ulcers and necrobiotic changes were 
noted in the mucosal epithelium and glandular structure 
along with inflammatory cell infiltration and congested 
blood vessels in the lamina propria (Figure 1F).
 Qualitative assessment of mucin revealed that 
specimens from the control group showed positive 
reaction to periodic acid Schiff's staining (PAS) in 
the periphery and in the mid zone of the glandular 
mucosal layer of the stomach, although the groups 

method described elsewhere (20), PGE2 was determined 
by competitive enzyme-linked immunosorbent assay 
(ELISA) using a PGE2 kit (ParameterTM) provided by R 
& D Systems Inc., USA. Tissue protein was assessed in 
accordance with the method of Lowry et al. (21).

2.5. Histological assessment

Sections of 5 μm were obtained and stained with 
haematoxylin and eosin (H&E) stain for standard 
histological examination in accordance with the method 
of Drury and Wallington (22). Qualitative assessment of 
mucin was carried out in accordance with the method 
of McManus (23).

2.6. Statistical analysis

Data are presented as mean ± S.E.M. For statistical 
analysis of the data, multiple comparisons were carried 
out using one-way analysis of variance (ANOVA) 
followed by a Tukey-Kramer test for post-hoc analysis. 
Statistical significance was acceptable at a level of p 
< 0.05. Data analysis was achieved using the software 
program GraphPad InStat.

3. Results

3.1. Macroscopic and histological examination of 
gastric ulcers

Oral injection of a single dose of indomethacin in rats 
fasted for 24 h caused gastric ulceration in the glandular 
portion of the stomach. The group with indomethacin-
induced ulceration on day 7 had a significantly higher 
number of ulcers than did the group with indomethacin-
induced ulceration on day 0. However, there was no 
significant difference in the ulcer index and ulcer 
score for the two groups with ulceration (Table 1). 
Treatment of rats with either L-arginine or NTG after 
ulcer induction tended to return the stomach mucosa to 
normal (Table 1). In contrast, treatment with L-NAME 
for 7 d after ulcer induction further aggravated ulcer 
formation, as reflected by a 29% increase in the 

Groupa

Control
Indomethacin (group with indomethacin-induced ulceration on day 0)
Indomethacin (group with indomethacin-induced ulceration on day 7)
Indomethacin + L-arginine
Indomethacin + NTG
Indomethacin + L-NAME

No. of dead rats

0/15
0/10
3/15
1/15
2/15
5/15

No. of ulcers

          0
10.80 ± 0.49
13.25a ± 0.75
          0
          0
17.11 ± 0.66*,**

Ulcer index (mm)

---
17.0 ± 0.79
19.0 ± 1.45

---
---

      23.2 ± 1.15*,**

Ulcer score

       ---
3.40 ± 0.16
3.63 ± 0.26
       ---
       ---
4.55 ± 0.18*,**

Table 1. Gross examination of the effect of daily administration of L-arginine (200 mg/kg, i.p.), NTG (1 mg/kg, i.p.), or 
L-NAME (15 mg/kg, i.p.) for 7 d on gastric ulcers induced with indomethacin in rats

a Values given are means of 10-15 observations ± S.E.M. Gastric lesions were scored according to their severity on a scale of 1 to 5: 1 (ulcerated area: 
1-6 mm2), 2 (ulcerated area: 7-12 mm2), 3 (ulcerated area: 13-18 mm2), 4 (ulcerated area: 19-24 mm2), and 5 (ulcerated area: > 24 mm2). *,** Significant 
difference with respect to groups with indomethacin-induced ulceration on day 0 and 7, respectively, at p < 0.05 using ANOVA followed by Tukey-
Kramer for multiple comparisons.
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with indomethacin-induced ulceration on day 0 and 7 
showed a positive PAS reaction in the ulcerated area of 
the mucosa (Figures 2A-2C). Rats treated with L-NAME 
showed a positive PAS reaction in the ulcerated area of 
mucosal epithelium (Figure 2F). After treatment with 
either L-arginine or NTG, positive PAS was noted in the 
edges of the mucosa (Figures 2D and 2E).

3.2. Stomach content of NO and PGE2

In comparison to the control group, a single dose of 
indomethacin induced a significant reduction in NO 
content of 28% 4 h after injection and a similar reduction 
of 40% 7 d after injection. Treatment of animals with 
L-arginine after ulcer induction significantly increased 
NO content by 80% in comparison to the group with 
indomethacin-induced ulceration on day 7 and even 
caused significant elevation of 8% above normal (Table 
2). Animals treated with NTG also had a significant 
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Figure 1. Photomicrographs of sections in the glandular stomach stained with hematoxylin-eosin stain. Panel A (×40) 
represents a section taken from the stomach of a rat treated with saline and shows the normal histological structure of mucosal 
layer (P). Panels B and C represent sections taken from the stomach of a rat treated with indomethacin and panel B (×40) 
shows focal necrosis and ulceration in the mucosal layer (N) and panel C (×24) shows inflammatory cell infiltration in the 
base of mucosal layer and lamina propria (M). Panel D (×40) represents a section taken from the stomach of a rat treated with 
indomethacin and L-arginine (200 mg/kg, i.p.) for 7 d and shows a normal mucosal layer with little inflammatory cell infiltration 
in the lamina propria (arrow) and edema (O). Panel E (×40) represents a section taken from the stomach of a rat treated with 
indomethacin and NTG (1 mg/kg, i.p.) for 7 d and shows desquamation of the mucosal epithelium and little inflammatory cell 
infiltration in the lamina propria (arrow) and muscular edema (O). Panel F (×40) represents a section taken from the stomach of 
a rat treated with indomethacin and L-NAME (15 mg/kg, i.p.) for 7 d and shows necrobiotic changes in the mucosal layer and 
glands (N) with hyperemia in blood vessels and inflammatory cell infiltration in the lamina propria (arrow).

A B

C D

E F
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Figure 2. Photomicrographs of sections in the glandular stomach after periodic acid Schiff's staining (PAS). Panel A (×
40) represents a section taken from the stomach of a rat treated with saline and shows a positive PAS reaction in the peripheral 
and mid zonal portions of the mucosa. Panels B and C (×40) represent sections taken from the stomach of rats treated with 
indomethacin after 4 h and 7 d, respectively, and the panels show a positive PAS reaction around the necrotic and ulcerated area of 
the mucosal layer. Panels D and E (×40) represent a section taken from the stomach of rats treated with indomethacin and either 
L-arginine or NTG, respectively, and show a positive PAS reaction in the edges of the mucosa. Panel F (×40) represents a section 
taken from the stomach of a rat treated with indomethacin and L-NAME and shows a positive PAS reaction in the ulcerated area 
of the mucosa.

A B

C D

E F

Groupa

Control
Indomethacin (group with indomethacin-induced ulceration on day 0)
Indomethacin (group with indomethacin-induced ulceration on day 7)
Indomethacin + L-arginine
Indomethacin + NTG
Indomethacin + L-NAME

NO (μmol/g tissue)

     381.5 ± 12.94
     274.1 ± 3.78*
     229.7 ± 2.57*,**
     413.2 ± 5.44*,**,***
     327.5 ± 5.58*,**,***
     184.2 ± 9.21*,**,***

PGE2 (pg/mg protein)

       254.2 ± 7.35
         78.3 ± 2.00*
       330.4 ± 6.06*,**
       266.5 ± 4.86**,***
       288.1 ± 1.43*,**,***
       394.8 ± 4.34*,**,***

Table 2. Effect of daily administration of L-arginine (200 mg/kg, i.p.), NTG (1 mg/kg, i.p.), or L-NAME (15 mg/kg, i.p.) for 
7 d on NO content and PGE2 level in gastric tissue of rats subjected to indomethacin-induced gastric ulcers

a Values given are means of 8-10 observations ± S.E.M. *,**,*** Significant difference with respect to the control group and groups treated with 
indomethacin on d 0 and d 7, respectively, at p < 0.05 using ANOVA followed by Tukey-Kramer for multiple comparisons.
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increase in NO content of 42.5% in comparison to the 
group with indomethacin-induced ulceration on day 7. 
However, the level was still significantly lower than 
normal. It was about 86% of that for the control group 
(Table 2). On the other hand, treatment of rats with 
L-NAME caused a further lowering of NO content (20%) 
in comparison to the group with indomethacin-induced 
ulceration on day 7 (Table 2).
 A single dose of indomethacin induced a significant 
decrease in PGE2 that reached 78.31 pg/mg protein after 
4 h. However, the group with ulceration on day 7 had 
a significant increase in PGE2 of 30% in comparison to 
the control group. Treatment with either L-arginine or 
NTG for 7 d after ulcer induction induced a significant 
decrease in the PGE2 level of 19 and 13%, respectively, 
in comparison to the group with indomethacin-induced 
ulceration on day 7. Worthy of mention is the fact that 
the PGE2 level in the group treated with NTG was still 
significantly higher than the control group while there 
was no significant difference in this level for the group 
treated with L-arginine and the control group (Table 2). 
In the group treated with L-NAME, a further significant 
increase in the PGE2 level of 19% was observed in 
comparison to the group with indomethacin-induced 
ulceration on day 7 (Table 2).

3.3. Oxidative stress markers (GSH and lipid peroxides)

The control level of GSH was found to be 3.65 ± 0.104 
μmol/g of tissue. Table 3 shows that in comparison to 
the control group indomethacin induced a significant 
decrease in the GSH level of about 40% 4 h and 7 d 
after injection. Both L-arginine and NTG treatment for 
7 d succeeded in increasing GSH content by 1.6- and 
1.4-fold, respectively, in comparison to GSH content 
in the group with indomethacin-induced ulceration on 
day 7. However, the level of GSH in the group treated 
with NTG was still significantly lower than normal. In 
contrast, treatment with L-NAME resulted in a further 
decrease in GSH content of 26% in comparison to the 
group with indomethacin-induced ulceration on day 7.
 Assessment of stomach lipid peroxides revealed 
that the control level was 13.73 ± 0.63 nmol/g tissue. 
Table 3 illustrates the effects of different treatments on 
the level of stomach lipid peroxides. In comparison to 
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the control value, the level of lipid peroxides increased 
up to 149 and 157% in the groups with indomethacin-
induced ulceration on day 0 and 7, respectively. The 
effect of indomethacin was significantly attenuated 
by treatment with either L-arginine or NTG (reaching 
48 and 35%, respectively) in comparison to the group 
with indomethacin-induced ulceration on day 7. 
However, the level of stomach lipid peroxides was still 
significantly higher than normal. In contrast, animals 
treated with L-NAME had a further significant increase 
in lipid peroxides of 57% in comparison to the group 
with indomethacin-induced ulceration on day 7.

4. Discussion

NO appears to play an important role in gastric 
mucosal defense (5). However, the possible role of 
NO in treating existing ulcers must be clarified further. 
The present study assessed the effect of modulation 
of NO on peptic ulcer healing using a NO precursor, 
L-arginine, an NO donor, NTG, and a competitive 
inhibitor of NOS, L-NAME. Indomethacin was chosen 
to induce gastric ulcers because it is widely used as an 
experimental model to study the pathophysiological 
mechanisms underlying the formation of mucosal 
lesions and to evaluate the potential therapeutic effects 
of drugs (24). A single dose of indomethacin produced 
marked damage to the gastric mucosa, as macroscopic 
and histological examinations revealed. Similar 
results have been previously reported (12,25,26). To 
better understand the role played by NO in healing 
indomethacin-induced gastric ulcers, the concentration 
of NO was measured in the gastric tissue and results 
revealed that indomethacin significantly reduced the 
gastric NO content in comparison to the NO content 
in the control group. The reduction in NO content 
was significantly higher 7 d after injection than 4 h 
after injection. This reduction in NO content might 
be explained by the fact that indomethacin induces a 
reduction in eNOS activity (27).
 The reduction in endogenous NO tissue content by 
indomethacin was supported by studying the effect of 
L-arginine, NTG, and L-NAME on gastric ulcer healing. 
Macroscopic and histological examination revealed 
that L-arginine and NTG accelerated the healing 

Groupa

Control
Indomethacin (group with indomethacin-induced ulceration on day 0)
Indomethacin (group with indomethacin-induced ulceration on day 7)
Indomethacin + L-arginine
Indomethacin + NTG
Indomethacin + L-NAME

GSH (μmol/g tissue)

       3.65 ± 0.10
       2.22 ± 0.07*
       2.15 ± 0.04*
       3.39 ± 0.11**,***
       3.04 ± 0.05*,**,***
       1.58 ± 0.02*,**,***

Lipid peroxides (nmol/g tissue)

              13.73 ± 0.63
              34.17 ± 0.57*
              35.28 ± 0.61*
              18.34 ± 0.74*,**,***
              22.84 ± 0.66*,**,***
              55.49 ± 1.48*,**,***

Table 3. Effect of daily administration of L-arginine (200 mg/kg, i.p.), NTG (1 mg/kg, i.p.), or L-NAME (15 mg/kg, i.p.) for 
7 d on oxidative stress markers in rats subjected to indomethacin-induced gastric ulcers

a Values given are means of 8-10 observations ± S.E.M. *,**,*** Significant difference with respect to the control group and groups treated with 
indomethacin on day 0 and 7, respectively, at p < 0.05 using ANOVA followed by Tukey-Kramer for multiple comparisons.
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of indomethacin-induced ulcers but that L-NAME 
exacerbated mucosal damage. In addition, both 
L-arginine and NTG significantly restored the gastric 
NO level while L-NAME induced a further decrease in 
NO tissue content. As a consequence of the increased 
NO level, the complete recovery of gastric mucosa as a 
result of L-arginine or NTG probably depends on either 
drug's direct vasodilating action. This action increases 
mucosal blood flow and promotes angiogenesis, a key 
factor in ulcer healing (13).
 Furthermore, NO not only improves blood flow 
and angiogenesis but also plays a role in stimulating 
mucus secretion, which is believed to constitute one of 
the primary levels of mucosal defense (28). Therefore, 
mucus secretion was assessed in the present study. 
However, treatment with indomethacin alone and with 
L-NAME was unexpectedly found to increase mucin in 
the ulcerated area. This interesting result agrees with 
the finding of Luo et al. (29), who found that mucus 
thickness at the ulcer margin increased profoundly after 
ulcer induction. This could be a positive biological 
feedback mechanism to protect the ulcer from further 
ulceration (20,29). Treatment with either L-arginine or 
NTG once daily for 7 d after ulcer induction clearly 
increased the mucus layer at the edges of the gastric 
mucosa. The increase in mucus production usually 
assists the healing process by protecting the ulcer crater 
against irritant stomach secretions, thereby enhancing 
the rate of the local healing process (12).
 Since the mechanism of NSAID-induced gastric 
damage is generally believed to be related to inhibition 
of gastric PG generation (3), studying the effect of 
NO donors and inhibitors on the level of gastric PGs 
generated was crucial. A single dose of indomethacin 
induced a significant decrease in PGE2 that reached 
78.31 pg/mg protein after 4 h, a finding that agrees 
with several previous studies (3,25). However, 7 d after 
indomethacin injection the PGE2 level was found to 
have significantly increased (30%) in comparison to 
the PGE2 level in the control group. This finding agrees 
with a study by Luo et al. (29) that reported an increase 
in PGE2 formation at the ulcer margin 7 d after ulcer 
induction in comparison to the control group.
 Indeed, peptic ulcer healing is an active and 
complex process that includes the reconstruction of 
the mucosa by formation of granulation tissue at the 
ulcer base, formation of new blood vessels, and re-
establishment of the glandular architecture (30). PGs 
generated particularly at the ulcer margin by COX-2 
appear to play a crucial role in ulcer healing by 
triggering cell proliferation, promoting angiogenesis, 
and repairing mucosal injury (31). In contrast, PGs 
generated by COX-1 are constitutively expressed in 
intact gastric mucosa to regulate mucosal blood flow 
and epithelial secretions. Of interest is the fact that PGs 
generated from COX-1 suppress COX-2 activity in the 
GI tract. When the mucosa is exposed to potentially 

damaging agents or when ulceration occurs, COX-2 
is rapidly up-regulated. Therefore, higher amounts of 
PGE2 are detected at the site of ulceration than in non-
ulcerated mucosa (32,33). Thus, an important finding of 
the present study is that histopathological examination 
of the rats with ulcers revealed the presence of multiple 
sites of inflammatory cell infiltration in the base of the 
mucosal layer and lamina propria, providing a suitable 
inflammatory environment for COX-2 expression and 
consequently resulting in a significant increase in PGE2 
generation as was detected.
 With regard to the effect of NO modulation on 
the elevated level of PGE2, the current study revealed 
that treatment with either L-arginine or NTG for 7 d 
after ulcer induction inhibited the inflammatory signs 
associated with indomethacin to different degrees. Rats 
treated with L-arginine had a normal PGE2 level, while 
those treated with NTG had a significant decrease 
in the elevated PGE2 level. However, this level was 
still significantly higher than normal. In contrast, 
treatment with L-NAME further increased the PGE2 

level. These results can be explained by the inhibitory 
role of NO in the inflammation process (34). NO is 
an important modulator of leukocyte adherence to the 
vascular endothelium, a rate-controlling step in the 
inflammatory process, and using NO donors results in 
a reduction in myeloperoxidase activity (an indicator 
of the neutrophil count) and thus tissue injury (35). NO 
also appears to down-regulate the release of a number 
of inflammatory mediators from mast cells (36). 
Similarly, Calatayud et al. (37) found that transdermal 
NTG protected against  indomethacin-induced 
ulceration by maintenance of mucosal blood flow 
and reduction of leukocyte endothelial cell rolling 
and adherence. In contrast, Barrachina et al. (34) 
found that NOS inhibitors enhanced inflammation by 
increasing leukocyte endothelium interactions.
 Several studies have recognized the role of oxidative 
stress in the development of mucosal ulceration caused 
by NSAIDs. Therefore, the present study involved two 
potential oxidative stress markers, namely GSH and 
malondialdehyde (MDA). Indomethacin was found to 
induce a significant decrease in the gastric content of 
GSH along with a significant increase in gastric MDA 
content in both groups with indomethacin-induced 
ulceration on day 0 and 7 in comparison to gastric 
content of GSH and MDA in the control group. These 
findings might be attributed to the pro-oxidant activity 
of indomethacin, which initiates generation of ROS and 
thus interferes with the endogenous antioxidant systems 
of mucosal cells (38). The decreased concentration of 
GSH may also contribute to increased lipid peroxidation 
as the loss of this important cellular antioxidant will 
lead to the accumulation of ROS (39). Treatment with 
either L-arginine or NTG for 7 d after ulcer induction 
significantly increased gastric GSH content and 
decreased the MDA level, but these values did not 
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return to normal. In contrast, L-NAME caused a further 
reduction in GSH content and significant elevation in 
the MDA level in comparison to the GSH content and 
MDA level in the group with indomethacin-induced 
ulceration on day 7. These findings are in accordance 
with previous studies that investigated the protective 
role of NO during the induction of gastric ulcers. 
Kwiecien et al. (40) found that NO donors reduced 
gastric lesions and they found that this effect was 
accompanied by a fall in oxidative stress parameters. 
That said, NOS inhibitors have also been found to 
induce an increase in gastric mucosal lipid peroxidation 
(6).
 In conclusion,  L-arginine and NTG almost 
completely healed indomethacin-induced ulceration. 
Less healing by NTG than by L-arginine may be a 
result of the different doses. However, the advantages 
of L-arginine as a natural dietary supplement and 
immediate precursor of NO should not be ignored. 
Thus, the present study provides further evidence for 
the role of NO in gastric ulcer healing and it suggests 
an alternative path to treating the universal problem 
of NSAID-induced gastropathy.

Acknowledgements

The authors wish to thank Professor Adel B. Kholoussy 
(Department of Pathology, Faculty of Veterinary 
Medicine, Cairo University) for his help with the 
pathology portion of this work.

References

1. Spechler SJ. Peptic ulcer disease and its complications. 
In: Gastrointestinal and Liver Disease Pathophysiology/
Diagnosis/Management (Feldman M, Friedman LS, 
Sleisenger M, eds.). 7th ed., Saunders Company, 
Philadelphia, USA, 2002; pp. 747-781.

2. Sivri B. Trends in peptic ulcer pharmacotherapy. Fundam 
Clin Pharmacol. 2004; 18:23-31.

3. Santos CL, Souza MH, Gomes AS, Lemos HP, Santos 
AA, Cunha FQ, Wallace JL. Sildenafil prevents 
indomethacin-induced gastropathy in rats: Role of 
leukocyte adherence and gastric blood flow. Br J 
Pharmacol. 2005; 146:481-486.

4. Petersson J, Phillipson M, Jansson EA, Patzak A, 
Lundberg JO, Holm L. Dietary nitrate increases gastric 
mucosal blood flow and mucosal defense. Am J Physiol 
Gastrointest Liver Physiol. 2007; 292:G718-G724.

5. Gyires K. Gastric mucosal protection: From prostaglandins 
to gene-therapy. Curr Med Chem. 2005; 12:203-215.

6. Hsu DZ, Liu MY. Involvement of nitric oxide in gastrin 
protection of epinephrine in endotoxin intoxication in 
rats. Toxicology. 2004; 204:203-208.

7. Ma L, Wallace JL. Endothelial nitric oxide synthase 
modulates gastric ulcer healing in rats. Am J Physiol 
Gastrointest Liver Physiol. 2000; 279:G341-G346.

8. Gürbüz V, Alican I, Berrak, Yegen C, Bozkurt A, Oktar B, 
Haklar G, Yüksel M, Kurtel H. Role of nitric oxide in 
indomethacin-induced gastric mucosal dysfunction in the 

283

rat. Exp Physiol. 1999; 84:319-332.
9. Khattab MM, Gad MZ, Abdallah D. Protective role of 

nitric oxide in indomethacin-induced gastric ulceration 
by a mechanism independent on gastric acid secretion. 
Pharmacol Res. 2001; 43:463-467.

10. Dengiz GO, Odabasoglu F, Halici Z, Suleyman H, 
Cadirci E, Bayir Y. Gastroprotective and antioxidant 
effects of amiodarone on indomethacin-induced gastric 
ulcers in rats. Arch Pharm Res. 2007; 30:1426-1434.

11. Heeba GH, Hassan MK, Amin RS. Gastroprotective effect 
of simvastatin against indomethacin-induced gastric ulcer 
in rats: Role of nitric oxide and prostaglandins. Eur J 
Pharmacol. 2009; 607:188-193.

12. Bhattacharya S, Banerjee D, Bauri AK, Chattopadhyay S, 
Bandyopadhyay SK. Healing property of piper betel 
phenol, allylpyrocatechol against indomethacin-induced 
stomach ulceration and mechanism of action. World J 
Gastroenterol. 2007; 13:3705-3713.

13. Konturek SJ, Brzozowski T, Majka J, Pytko-Polonczyk 
J, Stachura J. Inhibition of nitric oxide synthase delays 
healing of chronic gastric ulcers. Eur J Pharmacol. 1993; 
239:215-217.

14. Sen S, Doger FK, Sen S, Aydin ON, Karul A, Dost T. 
The protection effect of nitroglycerin on gastrointestinal 
and renal side effects of lornoxicam in rats. Eur J 
Pharmacol. 2006; 41:191-197.

15. Valcavi U, Caponi R, Brambilla A, Palmira M, Minoja F, 
Bernini F, Musanti R, Fumagalli R. Gastric antisecretory, 
antiulcer and cytoprotective properties of 9-hydroxy-
19,20-bis-nor-prostanoic acid in experimental animals. 
Arzneimittelforschung. 1982; 32:657-663.

16. Yamamoto O, Okada Y, Okabe S. Effects of a proton 
pump inhibitor, omeprazole, on gastric secretion and 
gastric and duodenal ulcers or erosions in rats. Dig Dis 
Sci. 1984; 29:394-401.

17. Ellman M. A spectrophotometric method for determination 
of reduced glutathione in tissues. Anal Biochem. 1959; 
74:214-226.

18. Uchiyama M, Mihara M. Determination of malondialdehyde 
precursor in tissues by thiobarbituric acid test. Anal 
Biochem. 1978; 86:271-278.

19. Miranda KM, Espey MG, Wink DA. A rapid, simple 
spectrophotometric method for simultaneous detection of 
nitrate and nitrite. Nitric oxide. 2001; 5:62-71.

20. Ma L, Wang WP, Chow JY, Lam SK, Cho CH. The role 
of polyamines in gastric mucus synthesis inhibited by 
cigarette smoke or its extract. Gut. 2000; 47:170-177.

21. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 
Protein measurement with the folin phenol reagent. J 
Biol Chem. 1951; 64:95-102.

22. Drury RA, Wallington EA. Carlton's Histological 
Technique. 5th ed., Oxford University Press, New York, 
USA, 1980; pp. 139-200.

23. McManus JFA. Histological demonstration of mucin 
after periodic acid. Nature. 1946; 158:202.

24. Ilahi M, Khan J, Inayat Q, Abidi TS. Histological 
changes in parts of foregut of rat after indomethacin 
administration. J Ayub Med Coll Abbottabad. 2006; 
18:29-34.

25. Banerjee D, Bauri AK, Guha RK, Bandyopadhyay SK, 
Chattopadhyay S. Healing properties of malabaricone 
B and malabaricone C against indomethacin-induced 
gastric ulceration and mechanism of action. Eur J 
Pharmacol. 2008; 578:300-312.

26. Bhattacharya S, Chaudhuri SR, Chattopadhyay S, 



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2010; 4(4):276-284. 

Bandyopadhyay SK. Healing properties of some 
indian medicinal plants against indomethacin induced 
gastric ulceration of rats. J Clin Biochem Nutr. 2007; 
41:106-114.

27. Slomiany BL, Piotrowski J, Slomiany A. Endothelin-1, 
interleukin-4 and nitric oxide synthase modulators 
of gastric mucosal injury by indomethacin: Effect of 
antiulcer agents. J Physiol Pharmacol. 1999; 50:197-210.

28. Wal lace JL, Ma L. Inf lammatory media tors in 
gastrointestinal defense and injury. Exp Biol Med 
(Maywood). 2001; 226:1003-1015.

29. Luo JC, Shin VY, Liu ES, So WH, Ye YN, Chang FY, 
Cho CH. Non-ulcerogenic doses of dexamethasone 
delays gastric ulcer healing in rats. J Pharmacol Exp 
Ther. 2003; 307:692-698.

30. Perini RF, Ma L, Wallace JL. Mucosal repair and COX-2 
inhibition. Curr Pharm Des. 2003; 9:2207-2211.

31. Tatsuguchi A, Sakamoto C, Wada K, Akamatsu T, Tsukui T, 
Miyake K, Futagami S, Kishida T, Fukuda Y, Yamanaka 
N, Kobayashi M. Localisation of cyclooxygenase 1 
and cyclooxygenase 2 in Helicobacter pylori related 
gastritis and gastric ulcer tissues in humans. Gut. 2000; 
46:782-789.

32. Lesch CA, Gilbertsen RB, Song Y, Dyer RD, Sehrier 
D, Kraus ER, Sanchez B, Guglietta A. Effect of novel 
anti-inflammatory compounds on healing of acetic acid-
induced gastric ulcer in rats. J Pharmacol Exp Ther. 
1998; 287:301-306.

33. Poonam D, Vinay CS, Gautam P. Cyclo-oxygenase-2 
expression and prostaglandin E2 production in 
experimental chronic gastric ulcer healing. Eur J 
Pharmacol. 2005; 519:277-284.

34. Barrachina MD, Panes J, Esplugues JV. Role of nitric 
oxide in gastrointestinal inflammatory and ulcerative 
diseases: perspective for drugs and development. Curr 
Pharm Des. 2001; 7:31-48.

35. Kubes P, Wallace JL. Nitric oxide as a mediator of 
gastrointestinal mucosal injury? – Say it ain't so. 
Mediators Inflamm. 1995; 4:397-405.

36. Salvemini D, Masini E, Anggard E, Mannaioni PF, Vane 
J. Synthesis of nitric oxide-like factor from L-arginine by 
rat serosal mast cells: Stimulation of gunaylate cyclase 
and inhibition of platelet aggregation. Biochem Biophys 
Res Commun. 1990; 169:596-601.

37. Calatayud S, Sanz MJ, Canet A, Bello R, de Rojas 
FD, Esplugues JV. Mechanisms of gastroprotection by 
transdermal nitroglycerin in the rat. Br J Pharmacol. 
1999; 127:1111-1118.

38. Naito Y, Yoshikawa T, Yoshida N, Kondo M. Role of 
oxygen radical and lipid peroxidation in indomethacin-
induced gastric mucosal injury. Dig Dis Sci. 1998; 
43:30S-34S.

39. Othman AI, El-Missiry MA, Amer MA. The protective 
action of melatonin on indomethacin-induced gastric 
and testicular oxidative stress in rats. Redox Rep. 2001; 
6:173-177.

40. Kwiecień S, Brzozowski T, Konturek PCh, Konturek SJ. 
The role of reactive oxygen species in action of nitric 
oxide-donors on stress-induced gastric mucosal lesions. 
J Physiol Pharmacol. 2002; 53:761-773.

 (Received March 17, 2010; Revised April 6, 2010; 
Accepted April 15, 2010)

284



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2010; 4(4):285-297. 285

Effect of trazodone and nefazodone on hepatic injury induced by 
carbon tetrachloride

Omar M. E. Abdel Salam1,2,*, Amany A. Sleem1, Nermeen Shafee3

1 Department of Pharmacology, National Research Centre, Cairo, Egypt;
2 Department of Toxicology, National Research Centre, Cairo, Egypt;
3 Department of Pathology, National Research Centre, Cairo, Egypt.

*Address correspondence to:
Dr. Omar M. E . Abdel Sa lam, Depar tment of 
Pharmacology, National Research Centre, Tahrir St., 
Dokki, Cairo, Egypt.
e-mail: omasalam@hotmail.com

ABSTRACT: The present study aimed to evaluate 
the effect of the serotonin antagonists and reuptake 
inhibitors trazodone and nefazodone on liver injury 
induced by treatment with carbon tetrachloride 
(CCl4) in rats. Liver damage was induced in rats by 
oral administration of CCl4 (2.8 mL/kg in olive oil). 
Nefazodone (5, 10, or 20 mg/kg), trazodone (5, 10, or 
20 mg/kg), silymarin (25 mg/kg), or saline (control) 
was orally administered once daily in association 
with CCl4 and for one week thereafter. Liver 
damage was assessed by determining serum enzyme 
activities and hepatic histopathology. In CCl4-
treated rats, treatment with trazodone (5, 10, 20 mg/
kg), reduced serum alanine aminotransferase (ALT) 
levels by 24, 38.6, and 49.3%. Serum aspartate 
aminotransferase (AST) levels were decreased by 
18.1, 37.9, and 42.2%, and alkaline phosphatase 
(ALP) levels decreased by 25.7, 32.6, and 39.7%, 
respectively. Nefazodone (5, 10, 20 mg/kg) in a dose-
dependent manner reduced the elevation of ALT 
levels by 15.6, 36.5, and 45.9%, AST levels by 16.7, 
17.3, and 43%, and ALP by 30.5, 37.5, and 42.9%, 
respectively. Silymarin treatment reduced the levels 
of ALT, AST, and ALP by 56.1-62.8, 56.0-64.0, and 
50.1-58.2%, respectively. The administration of CCl4 
decreased levels of reduced glutathione in blood 
compared to the vehicle-treated group. In CCl4-
treated rats, reduced glutathione levels increased 
after trazodone in a dose-dependent manner. 
Reduced glutathione was increased by nefazodone 
at concentrations of 5 and 10 mg/kg, but not after 
20 mg/kg nefazodone. Reduced glutathione levels 
were increased by the administration of silymarin 
to near normal values. The administration of CCl4 
resulted in a marked increase in nitric oxide levels 
in serum (the concentrations of nitrite/nitrate) as 

compared to the control group. Treatment with 
trazodone or nefazodone caused a dose-dependent 
decrease in serum nitric oxide levels compared 
with the CCl4 control group. Histopathological and 
histomorphometric examinations also indicated 
that CCl4-induced liver injury was less severe in 
trazodone and nefazodone-treated groups than in 
the CCl4 control groups. Metabolic perturbations 
caused by CCl4 in the form of decreased intracellular 
protein and mucopolysaccharide content in 
hepatocytes were improved by treatment with 
trazodone and nefazodone. It is concluded that 
administration of serotonin antagonists and reuptake 
inhibitors trazodone and nefazodone is associated 
with a reduction in experimental liver injury induced 
by CCl4.

Keywords: Trazodone, nefazodone, serotonin antagonists, 
liver injury, rats

1. Introduction

The effect of drugs acting on serotonin (5-HT) 
neurotransmission or serotonin modulators on liver 
function is of particular interest for several reasons. 
First, these drugs are widely prescribed for the 
pharmacotherapy of depression and accordingly 
their effect on liver in healthy patients and more 
importantly in patients with liver disease is of clear 
clinical significance. In patients with hepatitis C viral 
infection, these agents have been used for the treatment 
of depression especially that observed after treatment 
with interferon-alpha/ribavirin combination therapy 
(1,2). Second, serotonin has been linked to liver 
disease in man, where in patients with liver cirrhosis, 
a significant fall of serotonin concentration in sera 
and urine has been noted, which might contribute to 
development of the hyperdynamic state of circulation 
observed in this condition (3). In addition, alterations 
of the serotonin system have been implicated in the 
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pathogenesis of hepatic encephalopathy, a serious 
neuropsychiatric complication of chronic liver disease (4) 
and therapeutic approaches aiming at the normalization 
of serotonin turnover could be beneficial in the 
prevention and treatment of early neuropsychiatric 
symptoms of hepatic encephalopathy (5). Third, 
changes in levels of neuropeptides in the brain can 
have substantial effects on liver function. For example, 
intracisternal administration of thyrotropin-releasing 
hormone has been shown to protect the liver (6), while 
intracisternal injection of corticotropin releasing factor 
exacerbated hepatic injury induced by CCl4 in rats (7). 
Consequently, increased central serotonergic activity 
could affect liver function. Fourth, serotonin appears to 
play an important role in liver regeneration (8-10).
 Trazodone is a phenylpiperazine with complex 
pharmacological actions, possessing antidepressant, 
anxiolytic and hypnotic activities. Trazodone is 
primarily a serotonergic antidepressant, blocking the 
reuptake of 5-HT presynaprtically, thereby, increasing 
its availability in the synapse (11,12). In the brain, this 
latter effect accounts for the alleviation of the symptoms 
of depression (13). It also blocks postsynaptic 5-HT2 
receptors leading to facilitated neurotransmission 
through 5-HT1A receptors, which reduces anxiety 
levels (12). Nefazodone which is chemically related 
to trazodone is also a 5-HT2 receptor antagonist and a 
reuptake inhibitor. It has a weak affinity for cholinergic 
and noradrenaline alpha 1-adrenergic receptors 
(12,14-16). In view of their mixed serotonin effects, 
these agents can be described as serotonin modulators. 
Both trazodone and nefazodone are also capable of 
inducing hepatotoxicity (17-20), with the result that 
nefazodone was withdrawn from the US market (21).
 The aim of the present study was to examine 
whether trazodone and nefazodone would modulate the 
development of hepatic injury caused by CCl4 in the 
rat. Hepatic injury was determined via liver enzymes 
and histological analysis of necrotic areas as well as 
histochemical investigation of intracellular protein and 
mucopolysaccharide content. The effect of trazodone 
and nefazodone on CCl4-induced hepatic damage was 
compared to that of silymarin, a herbal remedy widely 
used for its hepatoprotective effects (22).

2. Materials and Methods

2.1. Animals

Sprague-Dawley rats of both sexes, weighing 120-130 
g were used throughout the experiments and fed with 
standard laboratory chow and water ad libitum. All 
animal procedures were performed in accordance to 
the Institutional Ethics Committee and in accordance 
with the recommendations for the proper care and use 
of laboratory animals (NIH publication No. 85-23, 
revised 1985). The drug doses for rats used were based 

upon the human dose after conversion to that of the rat 
according to Paget and Barnes conversion tables (23).

2.2. Drugs and chemicals

Carbon tertrachloride (BDH Chemicals, Poole, UK), 
silymarin (Sedico Pharmaceutical Co., Giza, Egypt), 
nefazodone hydrochloride (Bristol-Myers Squibb, 
Cairo, Egypt) and trazodone hydrochloride (Egyptian 
International Pharmaceutical Industries Co., Cairo, 
Egypt) were used. All drugs were dissolved in isotonic 
(0.9% NaCl) saline solution immediately before use.

2.3. CCl4-induced hepatic injury

Two separate studies evaluated the effect of trazodone 
and nefazodone on CCl4-induced hepatic damage. In 
each study rats were divided into 6 equal groups (6 rats 
each). Groups 1-5 received CCl4 in olive oil (1:1, v/v) at 
a dose of 2.8 mL/kg through an orogastric tube. Starting 
on the first day of CCl4 administration, rats were also 
treated with the test drug (trazodone or nefazodone) at 
doses of 5, 10, and 20 mg/kg, silymarin (25 mg/kg) or 
saline only (positive control, treated with CCl4 and not 
receiving drugs) once daily orally and for one week 
thereafter. All treated rats were administered half the 
initial dose of CCl4 (0.14 mL/100 g body weight) 3 days 
after the first administration of CCl4 so as to maintain 
hepatic damage. In addition, a 6th group of rats (n = 6) 
received the vehicle (olive oil) at 2.8 mL/kg followed 3 
days later by an additional dose of 1.4 mL/kg olive oil. 
Rats had free access to food and drinking water during 
the study. After 7 days of CCl4 or olive oil administration, 
rats were killed under ether anaesthesia.
 In a third study, the effect of the highest dose (20 
mg/kg) of trazodone or nefazodone was examined on 
serum aminotransferases in normal rats (n = 6/group). 
Drugs were given once daily orally for one week.

2.4. Biochemical assessment

At the end of the experiments, blood samples were 
obtained from the retro-orbital vein plexuses, under 
ether anaesthesia. Alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) activities in serum were 
measured according to the Reitman-Frankel colorimetric 
transaminase procedure (24), whereas colorimetric 
determination of alkaline phosphatase (ALP) activity was 
done according to the method of Belfield and Goldberg 
(25), using commercially available kits (BioMérieux, 
Craponne, France). Blood reduced glutathione (GSH) 
level was estimated spectrophotometrically by the 
method of Beutler el al. (26) using a commercial kit 
(Biodiagnostic, Giza, Egypt). Glutathione levels were 
expressed as mg/dL. Nitric oxide estimated as nitrite/
nitrate, was determined in serum according to the method 
of Miranda et al. (27). The level of total nitrite/nitrate in 
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caused by CCl4. Trazodone (5, 10, or 20 mg/kg) given 
at the time of CCl4 administration caused a dose-
dependent reduction of raised ALT by 24, 38.6, and 
49.3%, AST by 18.1, 37.9, and 42.2%, and ALP levels 
by 25.79, 32.6, and 39.7%, respectively. Meanwhile, 
silymarin treatment reduced the levels of ALT, AST, 
and ALP by 62.8, 64.0, and 50.1%, respectively 
(Table 2). In CCl4-treated rats, glutathione level in 
blood was reduced by 40.9% compared with vehicle-
treated control group (21.4 ± 0.7 vs. 36.2 ± 0.1 mg/dL). 
Reduced glutathione was increased by 19.6, 37.8, and 
54.2% by trazodone administered at doses of 5, 10, and 
20 mg/kg, respectively, compared with the CCl4-control 
group. Meanwhile, reduced glutathione increased after 
silymarin treatment by 62.1% compared with the CCl4-
control group (Table 2). The administration of CCl4 
induced a significant increase in serum concentrations 
of nitric oxide (nitrite/nitrate). Treatment with 
trazodone significantly protected against the CCl4-
induced elevation in nitric oxide level which decreased 
by 27.7, 45.6, and 52.6% after 5, 10, and 20 mg/kg 
trazodone, respectively, as compared to control CCl4. 
On the other hand, silymarin significantly lowered the 
raised nitric oxide level by 57.4% as compared to CCl4 
control group (Table 2).
 Nefazodone administered to CCl4-treated rats at 
doses of 5, 10, or 20 mg/kg, reduced the elevation of 
ALT levels by 15.6, 36.5, and 45.9%, AST levels by 
16.7, 17.3, and 43.0%, and ALP by 30.5, 37.5, and 
42.9%, respectively. On the other hand, ALT, AST, and 
ALP decreased by 56.1, 56.0, and 58.2%, respectively, 
by treatment with silymarin. In CCl4-treated rats, 
glutathione level in blood was reduced compared with 
vehicle-treated control group (21.0 ± 0.6 vs. 36.6 ± 0.8 
mg/dL). Reduced glutathione was increased to 30.9 
± 0.8 and 29.95 ± 1.3 mg/dL by nefazodone given at 
doses of 5 or 10 mg/kg, respectively (47.1% and 42.6% 
increase vs. CCl4 control group). With nefazodone at 20 
mg/kg, reduced glutathione levels were reduced again 
to 24.3 ± 0.8 mg/dL (15.7% increase vs. CCl4 control 
group). In contrast, reduced glutathione in blood 
increased by 66.2% after silymarin treatment compared 
with the CCl4-control group (34.9 ± 0.6 vs. 21.0 ± 0.6 
mg/dL) (Table 3). Treatment with nefazodone at 10 or 
20 mg/kg also resulted in a significant decrease of the 
CCl4-induced elevation in nitric oxide level by 27.5 
and 54.0%, respectively, as compared to control CCl4. 
Nitric oxide level decreased by 61.2% after silymarin 
treatment compared to the CCl4 control group (Table 3).

serum samples was expressed in μM and was calculated 
using the standard curve constructed with the prepared 
serial dilutions of sodium nitrite.

2.5. Histological and histochemical studies

At the end of the treatment period, rats were killed, 
livers excised and fixed in 10% formalin saline. 
Sections were prepared and stained with haematoxylin 
and eosin stain (H&E) for histological examination. 
Livers of all animals were dissected immediately 
after death. The specimens were then fixed in 10% 
neutral-buffered formal saline for at least 72 h. All 
specimens were washed in tap water for half an hour 
and then dehydrated using incresing grades of alcohol, 
cleared in xylene and embedded in paraffin. Serial 
sections 6 μm thick were cut and stained with H&E 
for histopathological investigation (28). Protein (29) 
and mucopolysaccharide (30) staining were also 
performed. All sections were investigated using the 
light microscope. Further histopathological evaluation 
was done with morphometry. The percentage of liver 
tissue affected by necrosis and fibrosis (damaged area) 
were determined using a computer assisted automated 
image analyzer. The Qwin Leica image processing 
and analysis system (Cambridge, UK) was used for 
interactive automatic measurement of the percentage 
of damaged areas on slides stained with H&E by 
analyzing 15 random fields per slide.
 The image analyzer was also used to evaluate the 
DNA content. The image analysis system automatically 
expresses the DNA content of each individual cell 
measured then gives the percentage of each cell out of 
the total number of cells examined. Also, it classifies 
the cells into 4 groups; diploid (2C), proliferating cells 
(3C), tetraploid (4C) and aneuploid cells (> 5C). The 
proliferating cells were further classified according to 
Lee et al. (31) into: (< 10%) low proliferating index, 
(10-20%) medium proliferating index, and (> 20%) 
high proliferating index.

2.6. Statistical analysis

All results are expressed as means ± S.E. Multiple 
group comparisons were performed by one way 
ANOVA followed by Duncan test. p < 0.05 was 
considered statistically significant.

3. Results

3.1. Biochemical changes

In normal rats, trazodone or nefazodone administerted 
at a dose of 20 mg/kg had no effect on serum ALT, AST, 
or ALP (Table 1). In rats treated with CCl4, the levels 
of ALT, AST, and ALP in plasma were markedly raised 
indicating the severity of hepatic injury and cholestasis 

Table 1. Effect of trazodone and nefazodone on serum ALT, 
AST, and ALP in normal rats

Treatments

Vehicle
Vehicle + trazodone 20 mg/kg
Vehicle + nefazodone 20 mg/kg

ALT (U/L)

61.0 ± 3.1
57.4 ± 1.5
55.4 ± 3.4

AST (U/L)

66.4 ± 2.5
55.8 ± 2.1
57.2 ± 1.7

ALP (U/L)

59.0 ± 1.9
53.3 ± 3.1
50.3 ± 2.4

Data are means ± S.E.
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3.2. Histological and histochemical results

Trazodone (20 mg/kg) or nefazodone (20 mg/kg) 
only treated rats showed a normal hepatic appearance 
(Figure 1). Treatment of rats with CCl4 led to marked 
liver tissue damage in the form of complete distortion 
of the tissue architecture, a variable degree of vacuolar 
degeneration in many of the hepatocytes, cellular 
infiltration as well as hemorrhage (Figure 2A). 
Examination of sections from the liver of rats treated 
with trazodone and CCl4 revealed that trazodone 
administered at 20 mg/kg had a protective effect 
against the damaging effect of CCl4 (Figure 2D). 
With trazodone at 5 and 10 mg/kg, a variable degree 
of vacuolar degeneration was still present in many of 
the hepatocytes. Also, cellular infiltration was marked 
(Figures 2B and 2C). The highest dose caused regain 
of normal tissue architecture although mild cellular 
infiltration was noticed (Figure 2D). Histochemical 

investigation for protein and mucopolysaccharide 
confirmed these results as only at the highest dose of 
trazodone did their levels return to normal (Figures 3 
and 4). 
 Examination of l iver sections from CCl4 + 
nafazodone-treated rats revealed a dose-dependent 
improvement in hepatic architecture compared to 
the CCl4 control group (Figure 5). In sections from 
rats treated with 5 mg/kg nefazodone, vacuolar 
degeneration and pyknotic nuclei were present in 
most of the hepatocytes. These findings became less 
prominent after 10 mg/kg nefazodone, while marked 
improvement of liver tissue except for slight dilatation 
and congestion of some blood sinusoids was observed 
with the highest dose (20 mg/kg) of nefazodone 
examined (Figure 5). Histochemical investigation for 
protein and mucopolysaccharide content in hepatocytes 
were in agreement with these findings (Figures 6 and 
7). Sections taken from the liver of silymarin + CCl4-
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Table 3. Effect of nefazodone on serum ALT, AST, ALP, NO, blood GSH, and histological area of damage in carbon 
tetrachloride-treated rats

Treatment groups

Vehicle

CCl4 (control)

CCl4 + nefazodone 5 mg/kg

CCl4 + nefazodone 10 mg/kg

CCl4 + nefazodone 20 mg/kg

CCl4 + silymarin 25 mg/kg

ALT (U/L)

    58.4 ± 3.9

  134.9 ± 8.7a

  113.8 ± 9.9a,b,c

     (–15.6%)
    85.6 ± 6.3a,b,c

     (–36.5%)
    72.9 ± 6.1b

     (–45.9%)
    59.2 ± 3.1b

     (–56.1%)

AST (U/L)

    62.2 ± 6.1

  148.2 ± 12.8a

  123.4 ± 4.1a,b,c

     (–16.7%)
  122.5 ± 6.8a,b,c

     (–17.3%)
    84.4 ± 5.1a,b,c

     (–43.0%)
    65.2 ± 6.2b

     (–56.0%)

     NO (μM)

    58.0 ± 2.6

  531.1 ± 19.0a,b

  503.9 ± 24.5a,c

       (–5.3%)
  385.3 ± 8.0a,b,c

     (–27.5%)
  244.0 ± 15.5a,b

     (–54.0%)
  206.0 ± 8.3a,b

     (–61.2%)

Area of damage (%)

      0.16 ± 0.2

      43.5 ± 4.5a,b

    37.53 ± 2.6a,c

       (–13.7%)
      24.5 ± 3.0a,b,c

       (–43.7%)
      20.4 ± 1.8a,b,c

       (–53.1%)
        9.6 ± 1.3a,b

       (–77.9%)

ALP (U/L)

    51.0 ± 4.3

  115.9 ± 8.1a

    80.5 ± 7.3a,b,c

     (–30.5%)
    72.2 ± 6.3a,b,c

     (–37.7%)
    66.2 ± 6.0a,b,c

     (–42.9%)
    48.4 ± 4.2b

     (–58.2%)

GSH (mg/dL)

    36.6 ± 0.8

    21.0 ± 0.6a,b

    30.9 ± 0.8b

       (47.1%)
  29.95 ± 1.3a,b

       (42.6%)
    24.3 ± 0.8a,c

       (15.7%)
    34.9 ± 0.6b

       (66.2%)

Results are means ± S.E. Six rats were used for each group. The percent change from the CCl4-control group is also shown in parenthesis. Data were 
analyzed by one way ANOVA and means of different groups were compared by Duncan's multiple range test. p < 0.05 was considered statistically 
significant. a p < 0.05 vs. vehicle control group. b p < 0.05 vs. CCl4 control group. c p < 0.05 vs. silymarin-treated group. Serum ATL and NO levels 
were significantly less in CCl4 + trazodone 10 mg/kg- and CCl4 + trazodone 20 mg/kg-treated groups than CCl4 + trazodone 5 mg/kg-treated group. 
Serum AST level was significantly less in CCl4 + trazodone 20 mg/kg-treated group than CCl4 + trazodone 5 mg/kg-treated group. 

Table 2. Effect of trazodone on serum ALT, AST, ALP, nitric oxide (NO), blood GSH, and histological area of damage in 
carbon tetrachloride-treated rats

Treatment groups

Vehicle

CCl4 (control)

CCl4 + trazodone 5 mg/kg

CCl4 + trazodone 10 mg/kg

CCl4 + trazodone 20 mg/kg

CCl4 + silymarin 25 mg/kg

ALT (U/L)

     52.0 ± 6.0

   144.3 ± 11.1a,c

   109.7 ± 5.5a,b,c

      (–24.0%)
     88.6 ± 4.9a,b,c

      (–38.6%)
     73.1 ± 4.3a,b,c

      (–49.3%)
     53.6 ± 2.4b

      (–62.8%)

AST (U/L)

    57.2 ± 4.8

  155.4 ± 12.1a,c

  127.2 ± 8.5a,b,c

     (–18.1%)
    96.5 ± 3.6a,b,c

     (–37.9%)
    89.8 ± 7.5a,b,c

     (–42.2%)
    56.0 ± 3.9b

     (–64.0%)

NO (μM)

       53 ± 3.2

     512 ± 17.8a,c

     370 ± 16.1a,b,c

     (–27.7%)
  278.3 ± 16.0a,b,c

     (–45.6%)
  242.6 ± 18.0a,b

     (–52.6%)
  218.2 ± 15.0a,b

     (–57.4%)

Area of damage (%)

       0.21 ± 0.1

     56.96 ± 6.5a,c

     47.76 ± 1.4a,c

        (–16.2%)
     34.87 ± 3.9a,b,c

        (–38.8%)
     17.10 ± 2.0a,b,c

        (–69.9%)
     10.90 ± 1.3a,b

        (–80.9%)

ALP (U/L)

    60.2 ± 3.6

  116.2 ± 7.0a,c

    86.3 ± 6.2a,b,c

     (–25.7%)
    78.3 ± 6.1a,b,c

     (–32.6%)
    70.1 ± 6.7b

     (–39.7%)
    58.0 ± 3.6b

     (–50.1%)

GSH (mg/dL)

   36.2 ± 0.1

   21.4 ± 0.8a,c

   25.6 ± 0.5a,b,c

      (19.6%)
   29.5 ± 0.6a,b,c

      (37.8%)
   33.0 ± 0.7a,b

      (54.2%)
   34.7 ± 0.1a,b

      (62.1%)

Data are means ± S.E. Six rats were used for each group. The percent change from the CCl4-control group is also shown in parenthesis. Data were 
analyzed by one way ANOVA and means of different groups were compared by Duncan's multiple range test. p < 0.05 was considered statistically 
significant. a p < 0.05 vs. vehicle control group. b p < 0.05 vs. CCl4 control group. c p < 0.05 vs. silymarin-treated group. Serum ATL, AST, and NO 
levels were significantly less in CCl4 + trazodone 10 mg/kg- and CCl4 + trazodone 20 mg/kg-treated groups than CCl4 + trazodone 5 mg/kg-treated 
group. 
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treated rats showed almost normal hepatic architecture 
(Figures 5-7). 

3.3. Quantitative analysis of the area of damage

A significant increase in the percentage of damaged 
areas was observed in CCl4-treated rats when 
compared to normal animals. Morphometric analysis 
of liver sections showed that trazodone or nefazodone 
administration to CCl4-treated rats resulted in a dose-
dependent decrease in damaged areas compared with 
the CCl4 control group (Tables 2 and 3).
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3.4. Quantitative analysis of the DNA content

Normal distribution of DNA content in the liver of the 
control group showed that 22.5% of the examined cells 
contained DNA at a value < 1.5C, 60.0% of the examined 
cells contained a diploid DNA value of 2C, 16.66% of 
the examined cells contained a 3C DNA value (medium 
proliferating index) and 0.83% of the examined cells 
were at a 4C level. The group subjected to CCl4 showed 
that 0.0% of the examined cells contained DNA (< 1.5C), 
which means a decrease in DNA content (hypoploidy) 
compared to the control group (Table 4).

A BA B
Figure 1. Typical liver tissue sections from rats treated with trazodone (20 mg/kg) (A) and nefazodone (20 mg/kg) (B). Each 
tissue stained with H&E showed normal hepatic architecture.

Figure 2. H&E stain of liver tissue sections from rats treated with CCl4 and various doses of trazodone. (A) section of 
liver tissue from a rat treated with CCl4 alone showing complete distortion of the liver architecture, variable degrees of vacuolar 
degeneration in many of the hepatocytes (yellow arrow head), cellular infiltration (black arrow head), and areas of hemorrhage 
(arrow) over the hepatic lobule. (B) section of liver tissue from a rat given CCl4 and trazodone (5 mg/kg) showing that the liver 
tissue architecture was still distorted with mild degree of fibrosis and cellular infiltrate around the main vessels (arrow). The 
cellular infiltrate was also seen in the blood sinusoids. Many of the hepatocytes showed vacuolar degeneration (arrow head). 
(C) section of liver tissue from a rat treated with CCl4 and trazodone (10 mg/kg) showing no vacuolar degeneration observed 
in hepatocytes, while marked cellular infiltrate was still present in the blood sinusoids and around the main blood vessels. (D) 
section of liver tissue from a rat that received CCl4 and trazodone (20 mg/kg) showing regain of normal architecture of liver 
tissue, although diffuse cellular infiltrate was still observed in blood sinusoids (arrow). No fibrosis was noticed.

A B

C D

AA BB

CC DD



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2010; 4(4):285-297. 290

A B

C D

AA BB

CC DD
Figure 3. Protein stain of liver tissue sections from rats treated with CCl4 and various doses of trazodone. (A) section of 
liver tissue from a rat treated with CCl4 alone showing marked decrease in protein content of hepatocytes in a patchy manner 
over the hepatic lobule. (B) section of liver tissue from a rat that received CCl4 and trazodone (5 mg/kg) showing that the protein 
content of liver tissue was still much less than normal compared with control levels. (C) section of liver tissue from a rat that 
received CCl4 and trazodone (10 mg/kg) showing improvement of protein content level in hepatocytes, although the areas around 
the central vein still suffered from protein deficiency. (D) section of liver tissue from a rat that received CCl4 and trazodone (20 
mg/kg) showing normalization of protein content level.
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C D
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CC DD
Figure 4. Mucoploysaccharide stain of liver tissue sections from rats treated with CCl4 and various doses of trazodone. 
(A) section of liver tissue from a rat treated with CCl4 alone showing marked decrease in mucopolysaccharide content over the 
hepatic lobule that appeared completely distorted. (B) section of liver tissue from a rat that received CCl4 and trazodone (5 mg/
kg) showing marked decrease in mucopolysaccharide content specially in cells suffering from vacuolar degeneration. (C) section 
of liver tissue from a rat given CCl4 and trazodone (10 mg/kg) showing mild improvement of mucopolysaccharide content. (D) 
section of liver tissue from a rat treated with CCl4 and trazodone (20 mg/kg) showing marked increase in mucopolysaccharide  
content level.
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Figure 6. Protein stain of liver tissue sections from rats treated with CCl4 and various doses of nefazodone. (A) section of 
liver tissue from a rat treated with CCl4 and nefazodone (5 mg/kg) showing marked decrease in protein content in most of the 
hepatocytes mainly due to vacuolar degeneration. (B) section of liver tissue from a rat given CCl4 and nefazodone (10 mg/kg) 
showing mild increase in protein content. (C) section of liver tissue from a rat that received CCl4 and nefazodone (20 mg/kg) 
showing marked increase in protein content in most of the hepatocytes. (D) section of liver tissue from a rat treated with silymarin 
showing normal protein content of hepatocytes.

Figure 5. H&E stain of liver tissue sections from rats treated with CCl4 and various doses of nefazodone. (A) section 
of liver tissue from a rat treated with CCl4 and nefazodone (5 mg/kg) showing vacuolar degeneration of variable degrees and 
pyknotic nuclei in most of the cells. (B) section of liver tissue from a rat that received CCl4 and nefazodone (10 mg/kg) showing 
noticeable improvement although there was cellular infiltrate around the central vein (arrow head) and vacuolar degeneration in 
a few cells. (C) section of liver tissue from a rat given CCl4 and nefazodone (20 mg/kg) showing marked improvement of liver 
tissue except for slight dilatation of some blood sinusoids (arrow) and congestion in others (arrow head). (D) section of liver 
tissue from a rat treated with silymarin showing normal liver tissue architecture.
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3.4.1. Effect of trazodone

Treatment of rats with CCl4 + trazodone 5 mg/kg showed 
that 1.88% of the examined hepatocytes contained 
DNA at < 1.5C, 1.96% of the examined cells contained 
a diploid DNA value of 2C, 9.8% of the examined cells 
contained a 3C DNA value (low proliferating index) 
and 25.49% of the examined cells were in the 4C area. 
After treatment with trazodone 10 mg/kg, 0.0% of 

the examined cells contained DNA at < 1.5C, 3.57% 
contained a diploid DNA value of 2C, 14.28% of the 
examined cells contained a 3C DNA value (medium 
proliferating index) and 25% of the examined cells were 
in the 4C area. Following treatement with trazodone 
at 20 mg/kg, 0.0% of the examined cells contained 
DNA at < 1.5C, 0.0% of the examined cells contained 
a diploid DNA value of 2C, 20.75% of the examined 
cells contained a 3C DNA value (high proliferating 
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Figure 7. Mucoploysaccharide stain of liver tissue sections from rats treated with CCl4 and various doses of nefazodone. 
(A) section of liver tissue from a rat treated with CCl4 and nefazodone (5 mg/kg) showing that the mucopolysaccharide content 
in most of the hepatocytes was still very low compared to control levels. (B) section of liver tissue from a rat that received CCl4 
and nefazodone (10 mg/kg) showing mild increase in stain density. (C) section of liver tissue from a rat treated with CCl4 and 
nefazodone (20 mg/kg) showing marked increase in mucopolysaccharide content. (D) section of liver tissue from a rat given 
silymarin showing normal mucopolysaccharide content of hepatocytes.

Table 4. Effect of trazodone and nefazodone on DNA content of hepatocytes (% cells) in carbon tetrachloride-treated rats

Treatment groups

Vehicle

CCl4 (control)

CCl4 
+ trazodone 5 mg/kg
CCl4 
+ trazodone 10 mg/kg
CCl4 
+ trazodone 20 mg/kg
CCl4 
+ nefazodone 5 mg/kg
CCl4 
+ nefazodone 10 mg/kg
CCl4 
+ nefazodone 20 mg/kg

< 1.5C

   22.5 ± 0.13

0

   1.89 ± 0.15a,b

0

0

     2.9 ± 0.13a,b

0

     2.2 ± 0.08a,b

DNA
index

 0.63

 0

 0.06 

 0

 0

 0.64

 0

 0.64

DNA
index

 1.46

 1.57

 1.60 

 1.62 

 1.57 

 0.63

 1.38

 1.40

DNA
index

 0

 2.89

 3.34 

 3.09 

 3.02 

 0.94

 0.94

 1.01

DNA
index

 0.99 

 1.02

 0 

 1.06 

 0

 1.91

 1.79

 0

   3.5C-4.5C

   0.83 ± 0.12

   25.5 ± 0.19a

 13.21 ± 0.21a,b

   25.0 ± 0.12

 24.53 ± 0.23a

 11.30 ± 0.23a,b

   20.0 ± 0.14a

 18.46 ± 0.06a,b

Data are means ± S.E. Data were analyzed by one way ANOVA and means of different groups were compared by Duncan's multiple range test. p 
< 0.05 was considered statistically significant. a p < 0.05 vs. vehicle control group. b p < 0.05 vs. CCl4 control group. 

    1.5C-2.5C

  60.0 ± 0.27

  1.96 ± 0.08a

0a,b

  3.57 ± 0.13a,b

0a,b

    1.5 ± 0.01a

  5.21 ± 0.11a,b

0a,b

   2.5C-3.5C

 16.67 ± 0.08

   9.80 ± 0.30a

   1.89 ± 0.13a,b

 14.27 ± 0.12

 20.75 ± 0.13b

   7.24 ± 0.19a

 18.75 ± 0.16b

 26.87 ± 0.15a,b

> 4.5C

0

  62.74 ± 0.34a

  83.02 ± 1.45a,b

  57.14 ± 1.17a

  54.72 ± 1.04a

  77.06 ± 0.25a,b

  56.04 ± 0.29a

  52.47 ± 0.26a

DNA
index

 1.93

 2.07

 2.09 

 2.04 

 2.07 

 1.32

 0.63

 1.35
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index) and 24.52% of the examined cells were in the 4C 
area. These results indicated that treatment with 5, 10, 
and 20 mg/kg trazodone resulted in a low, medium and 
high proliferating index, respectively, while the group 
treated with only CCl4 showed decreased DNA values 
(hypoploidy) (Table 4).

3.4.2. Effect of nefazodone

After treatment with CCl4 along with 5 mg/kg 
nefazodone, 2.9% of the examined hepatocytes 
contained DNA that was < 1.5C, 1.5% of the examined 
cells contained diploid DNA value of 2C, 7.24% of 
the examined cells contained DNA of a 3C value 
(low proliferating index) and 11.30% of the examined 
cells were in the 4C area. The group treated with 
CCl4 + nefazodone 10 mg/kg showed that 0.0% of 
the examined cells contained DNA at < 1.5C, 5.21% 
contained a diploid DNA value of 2C, 18.75% of the 
examined cells contained a 3C DNA value (medium 
proliferating index), and 20% of the examined cells 
were in the 4C area. Following treatment with CCl4 
+ nefazodone 20 mg/kg, 2.2% of the examined cells 
contained DNA at < 1.5C, 0.0% of the examined cells 
contained diploid DNA value of 2C, 26.87% of the 
examined cells contained a DNA value of 3C (high 
proliferating index) and 18.46% of the examined cells 
were in the 4C area. Thus treatment with nefazodone 
resulted in a dose-dependent increase in proliferating 
index in contrast to the CCl4 control group that 
exhibited decreased DNA values (hypoploidy) (Table 4).

4. Discussion and Conclusion

The present study provided evidence that in the CCl4 
model of hepatic toxicity, the systemic administration 
of nefazodone or trazodone, two drugs that are in use 
in pharmacotherapy of depression, was associated with 
a decrease in the extent of hepatic damage. In CCl4-
treated rats, the serum levels of hepatocellular enzymes 
ALT and AST decreased after the administration of 
either drug in a dose-dependent fashion, which is an 
indication of improved liver function and preserved 
liver architecture in the face of the toxic insult to the 
liver. Plasma levels of alkaline phosphatase, a cell wall 
enzyme induced by stagnation of bile flow, also showed 
a marked and significant decrease. Histopathological 
and histochemical investigations were in agreement 
with the biochemical findings and indicated that 
cellular perturbations evoked by the hepatotoxin in the 
form of decreased protein and mucopolysaccharide 
content in hepatocytes were ameliorated by either drug. 
Thus in circumstances of acute toxic insult to the liver, 
these two drugs did not exacerbate liver injury, but in 
fact lessened the development of hepatocellular injury. 
These observations might be unexpected in view of 
the ability of the two drugs to cause hepatotoxicity 

in humans, that appeared to be more evident and 
more serious in the case of nefazodone, leading to its 
withdrawal from the US market in 2004 (21).
 Both trazodone and nefazodone enhance serotonin 
synaptic transmission by blocking postsynaptic 5-HT2 
receptors and by inhibiting the reuptake of 5-HT 
(11,12,14-16). In the brain the increase in serotonergic 
neuronal activity is thought to have a major role in 
the alleviation of symptoms of depression (13). Most 
serotonin (95%), however, is found in the gut in the 
mucosal enterochromaffin cells and within the enteric 
nervous system, where it is involved in the control of 
smooth muscle tone and motility (32). Serotonin is 
also stored in platelets and it is this aspect of serotonin 
which has been implicated in liver regeneration (9,10), 
but also in aggravation of liver injury (33,34).
 Selective serotonin reuptake inhibitors as well as 
trazodone significantly reduce the concentration of 5-HT 
in platelets and inhibit platelet aggregation (35-38). This 
is one mechanism which might underlie the propensity 
of these drugs to cause gastrointestinal bleeding events 
alone or especially in combination with NSAIDs and 
aspirin (39,40) and also a mechanism which is likely 
to explain their cardiovascular benefit (35). Since 
these drugs reduce platelet serotonin, then a possible 
explanation for their beneficial effect upon experimental 
liver injury may be by lessening the vasoconstrictor 
effect of platelet-derived serotonin in the hepatic 
microcirculation. Studies have shown that serotonin 
provokes constriction of sinusoids and decreased 
sinusoidal and central venous perfusion after endoportal 
application (41). Alternatively, the inhibition of the 
serotonin transporter by these agents (42) will likely 
result in increased extracelllular serotonin. In mucosal 
preparations of the rat ileum, blockade of the serotonin 
transporter mechanism by fluoxetine increased both 
the stimulated serotonin release as well as background 
levels of 5-HT in the mucosa (43). Serotonin might 
then act in a paracrine way by binding to presynaptic 
5-HT4 receptors to stimulate the release of acetylcholine 
and calcitonin gene-related peptide release from nerve 
terminals between the submucosal intrinsic primary 
afferent neurons and adjacent interneurons (44) or to 
affect hepatic stellate cell functions, the principal cell 
involved in liver fibrogenesis. Hepatic stellate cells 
express 5-HT receptors and the serotonin antagonist 
ketanserine was capable of suppressing the proliferation 
of hepatic stellate cells as well as increasing their rate 
of apoptosis (45). In vitro, serotonin acted as a potent 
hepatocyte comitogen and induced DNA synthesis in 
primary cultures of rat hepatocytes (8). Serotonin is 
also involved in liver regeneration induced by estrogen 
in rats (10). Inhibitors of serotonin reuptake might 
also alleviate hepatic injury by preventing metabolic 
derangement due to CCl4. In the present study, 
histochemical investigations revealed that the decrease 
in intracellular protein and mucopolysaccharide 
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content in hepatocytes evoked by CCl4 was reduced by 
treatment with trazodone and nefazodone. Indeed, these 
agents appear to have significant effects on glucose 
regulation and hepatic glycogen distribution (46,47).
 Glutathione (GSH) is an intracellular tripeptide 
(glycyl-glutamic acid-cysteine) common in all tissues, 
that provides a major antioxidant defense mechanism 
and which is important in protecting the liver against 
toxic injury (48). In the present study, blood reduced 
glutathione was significantly decreased in CCl4-treated 
rats. A dose-dependent increase in reduced glutathione 
was registered after treatment with trazodone. It was 
noted, however, that after treatment with nefazodone 
even at the highest dose examined i.e., 20 mg/kg, blood 
glutathione did not show a further decrease beyond 
that caused by the toxic agent alone. Moreover, blood 
glutathione was increased by the lower doses of the 
drug which did not substantially reduce hepatic damage, 
thereby indicating in this case that the protective 
effect is unrelated to glutathione levels in blood. This, 
however, does not exclude the possibility that toxicity 
reported in many clinical instances with higher doses 
of the drug (19) might be caused by depletion of liver 
glutathione.
 Nitric oxide production can be estimated from 
determining the concentrations of nitrite and nitrate 
end products (27). Nitric oxide is generated by 
inflammatory cytokines due to the action of inducible 
nitric oxide (iNOS) and iNOS overexpression was 
observed after the administration of CCl4 (49,50). In 
the present study, nitrite/nitrate concentration in serum 
was markedly raised in CCl4-treated rats, in accordance 
with other studies (51). Treatment with trazodone or 
nefazodone significantly protected against the CCl4-
induced increase in serum nitric oxide level, possibly 
due to a decrease in the inflammatory response caused 
by the drugs.
 Serotonin antagonists and reuptake inhibitors such 
as trazodone and nefazodone might also alleviate 
hepatic injury via central mechanisms such as enhanced 
serotonergic neurotransmission or through vagal-
mediated mechanisms. Brain neuropeptides have 
been shown to modulate liver injury. For example, 
the intracisternal administration of thyrotropin-
releasing hormone stimulated hepatic DNA synthesis 
(52), enhanced liver blood flow (53) and inhibited 
hepatocellular necrosis and the elevation of serum 
alanine aminotransferase level induced by CCl4 (6). 
This latter effect was abolished by hepatic branch 
vagotomy, atropine, and indomethacin and also by 
the nitric synthase inhibitor N(G)-nitro-L-arginine 
methyl ester (6). In contrast, intracisternal injection of 
corticotropin releasing factor was found to exacerbate 
the development of CCl4-induced acute liver injury. 
This effect was mediated through the sympathetic-
noradrenergic nervous systems (7). There is also 
evidence to suggest that increased serotonin content 

in cerebral cortex and brain stem induced hepatic 
proliferation through sympathetic stimulation (54). 
The present study showed that treatment with CCl4 
resulted in 0.0% of the examined cells containing DNA 
were < 1.5C, which meant a decrease in DNA content 
(hypoploidy) compared to normal rats. Meanwhile, 
treatment with either trazodone or nefazodone resulted 
in a dose-dependent increase in proliferating index 
in contrast to the CCl4 control group that exhibited 
decreased DNA values. In a previous study, it was 
demonstrated that fluoxetine, a prototype selective 
serotonin reuptake inhibitor, led to the amelioration of 
liver injury caused by CCl4 in the rat (55), suggesting 
a common mechanism(s) for drugs potentiating 
serotonergic neurotransmission in protecting against 
liver injury.
 Cases of hepatotoxic reactions due to trazodone 
and nefazodone have been reported in the literature 
(17-19). Hepatotoxicity has also been observed after 
treatment with monoamine oxidase inhibitors and 
tricyclic antidepressants and among the serotonin 
reuptake inhibitors, paroxetine has the largest number 
of cases of hepatotoxicity recorded (56,57). In other 
instances e.g. in alcohol-dependent subjects (58) or 
in the case of chronic hepatitis C with interferon/
ribavirin therapy (2), nefazodone was not associated 
with hepatotoxicity. In the past few years, there have 
been attempts at explaining nefazodone hepatotoxicity. 
In vitro, nefazodone (and not trazodone) inhibited 
mitochondrial  respiration in isolated rat  l iver 
mitochondria and in intact HepG2 cells. The target was 
mitochondrial complex I (59). Inhibition of bile acid 
transport may be another mechanism of nefazodone-
induced hepatotoxic reactions, an effect which is not 
shared by trazodone (60). It has been suggested that 
the low oral bioavailability of nefazodone of ~ 20% 
and short half-life of ~ 1 h due to extensive first pass 
metabolism mediated by P4503A4 in the small intestine 
and liver and the resultant high daily dose (200-400 
mg/day) increase the total body burden to reactive 
metabolite exposure which might exceed a threshold 
needed to cause toxicity (61). The optimum therapeutic 
dosage of nefazodone appears to be between 300 and 
600 mg/day (14) and doses in the range of 200-600 
mg/day were associated with acute hepatic reactions 
(19). Liver toxicity with markedly elevated serum 
transaminases have also been observed following a 
dose of 150 mg nefazodone twice daily for 20 weeks 
in an alcoholic patient. Symptoms resolved completely 
after discontinuation of nefazodone (18). Nefazodone 
is extensively metabolized in the liver and plasma 
concentrations of the drug are increased in severe 
hepatic impairment and in the elderly, especially in 
elderly females (15), which requires lowering the dose 
in patients with liver disease. Notably, in most instances 
of nefazodone or trazodone hepatotoxicity, drugs 
were administered for a prolonged time (6-12 months) 
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before the onset of symptoms (17-20). The present 
study, however, examined only the short term effect of 
trazodone or nefazodone administration.
 Trazodone and nefazodone undergo bioactivation 
in human liver microsomes to a reactive quinone-
imine and an epoxide intermediate, and these react 
with glutathione, which might represent a rate-limiting 
step in the initiation of trazodone- or nefazodone-
mediated hepatotoxicity (62,63). Toxicity due to 
nefazodone or trazodone can thus be interpreted in 
terms of as an imbalance between a detrimental affect 
of the drug itself on hepatocytes and the beneficial 
effect of increased serotonin levels in the periphery and 
centrally. This is due to overwhelming metabolites and 
exceeding the capacity of the liver to deal with e.g. an 
increased rate of liver regeneration. With lower doses 
the beneficial effects maintaining hepatic integrity and 
promoting regeneration are likely to prevail.
 In summary, the present study has shown that both 
nefazodone and trazodone, two drugs which block 
postsynaptic 5-HT2 receptors and inhibit the reuptake of 
5-HT, lessened hepatocellular injury in rats caused by 
administration of CCl4. The involvement of enhanced 
central serotonergic neurotransmission or peripheral 
serotonergic mediated mechanisms is suggested.
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