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ABSTRACT 

 
Increased consumption of dietary fructose constitutes one of the key players in the development of 

insulin resistance and metabolic syndrome. This study aimed to study the effect of evening primrose oil (EPO) 
in a meliorating insulin resistance, hyperlipidemia and hepatic fatty degeneration-promoted by fructose 
drinking in rats. As advanced glycated end products (AGE) and its receptor activation (RAGE) have been shown 
to be correlated with the hepatic component of metabolic syndrome, this work evaluated the effect of EPO on 
AGEs/RAGE axis in insulin resistant rats with metabolic syndrome induced by drinking fructose syrup. Rats 
were allocated into normal, fructose-drinking control, fenofibrate and EPO-treated (5 and 10 g/rat) groups. 
The present results highlighted the effectiveness of EPO in alleviating the severity of insulin resistance, 
hyperlipidemia, oxidative stress burden and inflammation. In addition, treatment with EPO diminished hepatic 
fatty degeneration and down regulated RAGE expression and suppressing  AGEs/RAGE  axis.  The present  
study  suggest the  promising  benefit  of therapeutic utility of EPO on the hepatic component of metabolic 
syndrome induced by fructose drinking that is likely relies, at least in part, to suppression of AGEs/RAGE axis 
and its subsequent generation of reactive oxygen species (ROS) and inflammatory mediators. 
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INTRODUCTION 
 

The environmental factors may play a role in pathogenesis of the metabolic syndrome  which  is  
strongly  suggested  by  dramatic increase  in  its  prevalence  [1]. Increased consumption of dietary fructose 
acquired from high fructose corn syrup and sucrose, which represents the common sweetener in food 
industry have etiologic role [1]. Consumption of high fructose diet is strongly accompanied by high risk of 
obesity, non- alcoholic fatty liver disease (NAFLD) and non-alcoholic steato hepatitis (NASH) [2-5]. 

 
In animal models, fructose consumption and hyperglycemia leads to formation of advanced glycated 

end products (AGEs) and accumulation [6] with activation of its receptor [receptor for AGE (RAGE)] [7]; 
inducing generation of inflammation, features of metabolic syndrome and oxidative stress burden [1,8-10]. 

 
Fibrates   are   group   of   drugs   act   by   activation   of   hormones   peroxisome proliferator-

activated receptor-α (PPAR-α), and effectively by improvement the disturbed lipid profile associated with 
metabolic syndrome [11]. Previous studies have implicated the nuclearPPAR-α in the pathogenesis of NAFLD. 
PPAR-α decreases liverfat by activating β-oxidation of fatty acids [12-14]. Fibrates have endothelial protective, 
antioxidant and anti-inflammatory actions which are observed in dyslipidemic patients and in subjects with 
glucose metabolism abnormalities [15]. 

 
Gamma-linolenic acid (GLA) is one of essential polyunsaturated fatty acids (PUFAs). Evening primrose 

oil (EPO) seems to be clinically the most effective source of GLA[16]. It also contains oleic acid, tocopherol, 
linoleic acid and Phenolic compounds. These essential fatty acids are important for different physiological 
functions in the human body and give the biological potency and effectiveness of EPO in reducing weight, 
lowering blood pressure, hypoglycemic and hypo-cholesteremic effects [17] and protection of the 
cardiovascular system [18 ,19]. 

 
With  the  increasing  evidence  that  GLA  plays  an  essential  role  in  various metabolic disease 

processes [17], would be expected to modify the disease progression and  provide  a  useful  adjunctive  
strategy  in  the  treatment  of  metabolic  disorders. Therefore, the present study was conducted to test the 
effect of EPO in insulin resistant rats with metabolic syndrome induced by drinking fructose syrup; this 
comparison was done with respect to the insulin sensitizer, fenofibrate. 
 

MATERIALS AND METHODS 
 
Animals 
 

Male Wistar rats (170-200 g) were allowed to acclimatize to the experimental conditions for one 
week before starting the experiment. Rats were placed in controlled hygienic conditions in stainless steel 
cages in normal light/dark cycle with water and regular diet given ad libitum. The experimental protocol was 
approved by the institutional research ethics committee at the Suez Canal University according to NIH-guide 
for the care and use of laboratory animals. 
 
Drugs and chemicals 
 

Fructose powder was obtained from Safety Company (Al-Asher men Ramadan City, Egypt). 
Fenofibrate was a gift from Sigma Pharmaceutical Company (Cairo, Egypt) and was dissolved in distilled 
water. EPO was purchased from the market in form of soft gelatin capsules (Primaleve capsules, Glaxo Smith 
Kline, Cairo, Egypt). 
 
Induction of metabolic syndrome by fructose drinking 
 

Rats  were  allowed  to  drink  a10%  fructose  solution  for  16  week  to  induce metabolic syndrome 
(10, 20). Fructose syrup was freshly prepared every two days and given to rats for 8 weeks, and then 
therapeutic regimens were launched and continued for extra 8 weeks along with fructose. Normal control rats 
were given bottle of drinking water instead of fructose. 
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Experimental design 
 

Forty rats were allocated randomly into five experimental groups, eight rats each.  
Group (i): Normal control group distilled water all over the experiment.  
Group (ii): fructose-drinking rats,  
Group (iii): fructose-drinking rats received fenofibrate (80 mg/kg/day) [21-23],  
Groups (iv & v): fructose drinking-rats received EPO (5 or 10 g/rat/day), respectively [19]. 
 
Pharmacologic interventions started at the ninth week of the experiment and continued until the 

end of the study. Body weights (BWt) of rats were measured at the end of week 16 to determine the change 
in body weight during our experiment. At the end of the experiment, after overnight fasting of rats, blood 
glucose was determined employing a glucometer (Super Glucocard, Japan). Then, while the rats were under 
ether anesthesia, blood samples were obtained from the orbital sinus in dry centrifuge tubes and allowed to 
stand at room temperature for 30 min prior to centrifugation at 2000×g for ten min to obtain serum samples. 
Rats were then sacrificed by cervical dislocation under sufficient anesthesia. After that, a laparotomy was 
performed for each rat and the liver was isolated, cut from the largest hepatic lobule and prepared for 
histopathological staining with hematoxylin and eosin (H&E) and immune staining. 

 
Fasting blood advanced glycated end products and insulin 

 
Determination of serum levels of advanced glycated end products (AGEs) by using a rat AGEs ELISA 

kit (Sun Red, Shanghai) and rat insulin ELISA kit (Biorbyt Limited, Cambridge, UK) were used; measurements 
were done employing an ELISA reader. Insulin sensitivity index was determined by using a formula that is 
widely used for calculation of insulin resistance in rats [24, 25] or mice [26] after obtaining fasting glucose and 
insulin: HOMA-IR index formula; IRI=FBG×FINS/22.5(Matthews et al. 1985)[ 27]. 
 
 
Serum liver enzyme activities and lipid profile 
 

Serum  levels  of   liver  enzymes  (AST  and  ALT)  as  well  as  triglycerides (TG), total  cholesterol  
(TC), high-density lipoprotein cholesterol (HDL-C)  and  low- density lipoprotein cholesterol (LDL-C) were 
assayed using colorimetric kits from Bio diagnostics Company (Cairo, Egypt) following the methods reported 
by the manufacturer. 
 
Hepatic level of malondialdehyde, reduced glutathione and tumor necrosis factor-α 
 

Hepatic homogenates were used for determination of malondialdehyde(MDA) as  a  marker  for  
lipid  peroxidation  as  well  as  reduced  glutathione  (GSH)  using colorimetric  kits  from  Bio  Diagnostics  
(Cairo,  Egypt).  The  level  of  TNF-α  was determined using ELISA kits from Cusabio (CSB-E11987r, USA). 
 
Liver histopathological examination 
 

Livers were dissected and fixed in a 10% phosphate-buffered paraformaldehyde solution. Tissues 
were dehydrated and embedded in paraffin and sectioned at 4-µm, stained with H&E and then examined 
blindly under a light microscope. The severity and extent of steatosis was observed for each case. The findings 
were classified into the following degrees: grade (0): No change; grade (1): mild steatosis, occasional 
ballooning degenerationinzone3, mild lobular inflammation with or without mildportal inflammation; grade 
(2): moderate steatosis in 33-66% of lobules, ballooning degeneration in zone 3 , moderate lobular 
inflammation with mild to moderate portal inflammation; grade (3): severe steatosis in>66%oflobules, 
marked ballooning especially in zone 3 , scattered lobular acute and chronic inflammation with moderate 
portal inflammation and perivenular and pericellular fibrosis limited to zone 3 [28]. 
 
Immuno histochemistry and image analysis for AGE receptors and iNOS 
 

Anti-RAGE rabbit polyclonal antibodies (Biorbyt, Cambridge, UK) and rabbit polyclonal antibodies 
against iNOS were used for immunostaining (Cat. #RB-9242-R7, Thermo Fischer Scientific, Fremont, CA 94538, 
USA).  
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The staining process was then completed using Envision system (Dako DenmarkA/s, Glostrup, Denmark) following the manufacturer’s instructions and finally 
sections were counterstained by Mayer’s hematoxylin stain. 
 
Analysis of data 
 

The presentation of the data was done as mean ± standard error of the mean. Statistical analysis of data was performed using the one-way ANOVA followed by 
Tukey’s post-hoc test. The level of significance was set at P<0.05. Every possible comparison between the study groups was recorded and showed in illustrations. 
 

RESULTS 
 

Table 1 demonstrates that fructose-drinking rats showed increase in the body weight  percent  compared  to  the  normal  rats  in  the  control  group  (69.7±7.8  
versus17.9±4.9). Treatment with fenofibrate or EPO (10 g/rat) significantly decreased the calculated value of increased percent of body weight in comparison with fructose- 
drinking control rats (48.9±2.4 and 47.2±4.8%, respectively, versus 69.7±7.8 % (P<0.05, Table 1). 
 

Table 1: Effect of treatment with fenofibrate (80mg/kg) or EPO (5 or 10 g/rat) on body weight change and HOMA-IR index in fructose drinking insulin resistant rats 
 

 
Rats were drinking fructose syrup to induce insulin resistance and treated with various agents for 8 weeks (week 9-week 16). Percent change in BWt was 

calculated using a formula: % change BWt = [(final BWt- baselineBWt)/ baseline BWt] x 100.. HOMA-IR index: homeostatic model assessment–insulin resistance index. 
HOMA-IR index=[fasting glucose (mMol/L)×fasting insulin (μU/ml)]/22.5).Results are expressed as mean±S.E.M. and analyzed using one-way ANOVA followed by 

 
 
 

Groups 

 

Baseline 

 

Final 

 

% Change 

Blood Fasting  

HOMA-IR 

   Glucose insulin  

BWt (g) BWt (g) in BWt   index 

   (mg/dL) (mU/mL)  

Normal 198.2±5.2 232.7±5.3 17.9±4.9 90.5±2.3 42.16±3.8 9.39±0.8 

 
Fructose-drinking 

 
201.7±5.3 

 
340.7±10.1* 

 
69.7±7.8* 

 
150.2±7.6* 

 
103.3±7.6* 

 
38.4±3.7* 

 
Fructose-drinking+ Fenofibrate 

 
201.2±2.9 

 

293.7±4.9*# 

 

48.9±2.4*# 

 

115±5*# 

 

54.6±5.3# 

 

15.7±2*# 

 
Fructose-drinking+ EPO (5 g/rat) 

 
200±5 

 

332.8±3.7*$ 

 

67.05±5.4*$ 

 

140±5.1*$ 

 

100.9±6.8*$ 

 

34.9±2.9*$ 

 
Fructose-drinking+ EPO (10 g/rat) 

 
201.8±3.5 

 

296.3±5.8*#¶ 

 

47.2±4.8*#¶ 

 

116.2±2.9*#¶ 

 

71.5±4.3*#$¶ 

 

20.4±1.1*#¶ 
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Bonferroni’s post-hoc test at P<0.05.*Compared to normal group, #Compared to fructose-drinking group, $Compared to fenofibrate group, ¶Compared to EPO (5 g/rat) 
group, n=8 

 
Further, insulin levels and fasting blood glucose results highlighted increases in fructose-drinking rats in comparison with the normal control rats. Treatment with 

fenofibrate (80 mg/kg) or EPO (10 g/rat) decreased the elevated levels of fasting blood glucose and elevated insulin levels compared to levels in the fructose-drinking rats. 
Similarly, the calculated HOMA-IR index for the experimental groups indicated high index in fructose drinking rats in comparison with the normal rats (Table 1). Whereas, 
treatment with fenofibrate (80 mg/kg) or EPO (10 g/rat) reduced the calculated index by about 60% and48%, respectively in comparison with the fructose drinking 
rats(P<0.05, Table 1). 

 
Table 2 shows serum liver enzyme activities in the experimental groups and shows elevation in AST and ALT activities in fructose-drinking rats in comparison with 

normal rats. Treatment with fenofibrate (80mg/kg) or EPO (5or10 g/rat) reduced (P<0.05) the level of the two enzymes in comparison with the fructose drinking rats 
(Table 2). Lipid profile measurement indicated greater serum levels of TG, TC and LDL- C but lower HDL-C value in fructose-drinking rats in comparison with normal rats 
(Table 2). Treatment with fenofibrate (80mg/kg) or EPO (5or10g/rat) reduced the elevated levels of TG, TC and LDL-C but enhanced HDL-C (P<0.05) in comparison to 
fructose- drinking rats (Table 2). 
 

Table 2: Effect of treatment with fenofibrate or evening primrose oil (5 or 10g/rat) on serum liver enzymes and lipid profile in fructose-drinking rats 
 

 
 
 

 

Group 

AST 

(U/L) 

ALT 

(U/L) 

TG 

(mg/dl) 

HDL-C 

(mg/dl) 

LDL-C 

(mg/dl) 

TC (mg/dl) 

Normal group 145.2±10.2 58.2±4.6 41.3±3.6 53±4.2 5.3±0.6 45.2±3.3 

 
Fructose-drinking group 

 
220.5±18.4* 

 
90.3 ±7.1* 

 
187.6±14.8* 

 
28.5±1.9* 

 
28.7±0.2* 

 
90.4±7.2* 

 
Fructose-drinking + 

Fenofibrate 

 

178.3±11.9# 

 

78.5±5.3# 

 

68.5±5.3# 

 

42.3±2.7# 

 

8.9±0.6# 

 

59.5±3.6# 

 
Fructose-drinking + EPO (5 

g/rat) 

 

201.2±18.4#$ 

 

80.7±4.2# 

 

112.3±9.8#$ 

 

33.7±2.1#$ 

 

18.5±1.1#

$ 

 

78.3±4.9#$ 

 
Fructose-drinking + EPO (10 

g/rat) 

 

164.4±12.9#¶ 

 

74.2±5.4# 

 

89.7±6.4#$¶ 

 

40.8±3.7#¶ 

 

11.3±0.9#

¶ 

 

63.2±4.3#¶ 
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EPO: evening primrose oil, TC: total cholesterol, TG: triglycerides, LDL-C: low density lipoprotein 
cholesterol and HDL-C: high density lipoprotein cholesterol in fructose drinking fructose-drinking rats. Results 
are expressed as mean ± S.E.M and analyzed using one-way ANOVA followed by Bonferroni’s post-hoc test at 
P<0.05. *Compared to normal group, #Compared to fructose-drinking group, $Compared to fenofibrate group, 
¶Compared to EPO (5g/rat) group, n= 8. 
 

Figure 1A demonstrates the greater MDA level (2.62-fold greater) in fructose- drinking rats compared 
to the normal rats. Treatment with fenofibrate (80 mg/kg) or EPO (5or10g/rat) reduced (P<0.05) the MDA 
level in comparison to the fructose-drinking rats. Reduced glutathione decreased significantly in fructose-
drinking rats and then replenished again after treatment with the different implemented agents ( f i g . 1 B )  

 

 
 

Fig 1  Effect  of  fenofibrate  (80mg/kg)  or  EPO  (5  or  10  g/rat)  on  serum  (a:  MDA “nmol/l", b: 
GSH "nmol/l") in fructose drinking insulin resistant rats. Results are expressed as mean± S.E.M. and analyzed 
using one-way ANOVA followed by Bonferroni’s post-hoc test at P<0.05.*Compared to normal group, 
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#Compared to fructose-drinking group, $Compared to fenofibrate group, ¶Compared to EPO (5 g/rat) group, 
n=8 

 
Fig 2 illustrates that serum TNF-α and AGE levels were greater in fructose- drinking rats in comparison 

to normal rats. Treatment with fenofibrate significantly lessened the high serum levels of TNF-α and AGE in 
comparison to the fructose-dinking control rats. Similarly, the two applied doses of EPO succeeded to lessen 
the elevated levels of these two markers when compared to the control rats (P<0.05, Fig 2) 

 
 

Fig 2 Effect of fenofibrate (80mg/kg) or EPO (5 or 10 g/rat) on serum (a: TNF-α” pg/ml", b: AGE "U/l") 
in fructose drinking insulin resistant rats. Results are expressed as mean± S.E.M. P<0.05.*Compared to normal 
group, #Compared to fructose-drinking group, $Compared to fenofibrate group, ¶Compared to EPO (5 g/rat) 
group, n=8. 
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Figure 3 demonstrates hepatic sections stained with H&E for morphometric analysis. Sections from 
normal rats show normal architecture and normal branches of portal vein. However, sections from fructose-
drinking rats showed disturbed architecture with abundant cytoplasmic clear vacuolation displacing nucleus 
(steatosisis morethan 66%), ballooning degeneration of some hepatocytes, scattered lobular inflammatory 
cells infiltration and moderate portal lymphocytic infiltrate with minimal early fibrosis in periportal areas and 
perivenular areas (Fig. 3).  These deleterious effects associated with fructose consumption were ameliorated 
by administration of fenofibrate (80mg/kg) or EPO (5or10g/rat) compared to fructose-drinking control rats. 
 

Figure 4, 5-I illustrates images for hepatic specimens stained for iNOS and RAGE. The area for 
immune staining for iNOS or RAGE in fructose-drinking rats was greater than the normal rats. 
Treatment with fenofibrate (80 mg/kg) or EPO (5 or 10 g/rat) resulted in decreases in areas for iNOS 
immunostaining compared to fructose-drinking rats (P<0.05, Fig 4-II). 

 

 
Fig 3 (I): Photomicrographs of hepatic sections stained with H&E for morphometric analysis. Sections 

from normal rats (a)preserved architecture with lobules formed of hepatocytes arranged in plates of one to 
two cell thickness showing abundant eosinophilic cytoplasm and central nucleus surrounded by blood 
sinusoids(green arrow), with normal portal areas (black arrow) and sinusoids (red arrow). Sections from 
fructose-drinking rats (b) show disturbed architecture with marked cytoplasmic clear vacuolation displacing 
nucleus (steatosis is more than66%), ballooning degeneration of some hepatocytes (green arrow) ,scattered 
lobular inflammatory cells infiltration and congested vessels (red arrow). Additionally, there is moderate 
portal lymphocytic infiltrate and minimal early fibrosis in periportal areas and perivenular areas (black arrow). 
On the other hand, rats’ livers of fenofibrate treated group (c) showed preserved architecture with few 
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hepatocytes showed steatosis (green arrow), there is mild lobular focal inflammation with mild portal 
inflammation (black arrow) with few congested vessels (red arrow). However, rats’ livers of EPO (5 g/rat) (d) 
showed moderate ballooning degeneration and steatosis (>33%) (green arrow), there is moderate lobular 
inflammation and portal inflammation (black arrow)   with congested vessels (red arrow). EPO (10 g/rat) (e) 
showed preserved liver architecture with mild ballooning degeneration and steatosis (green arrow), there is 
mild lobular inflammation and portal inflammation (black arrow) with few congested vessels (red arrow). (H & 
E 200 ×). 
 

 
Fig 4-(I) Immunostaining for iNOS in the experimental groups. (II) Effect of fenofibrate (80mg/kg) or 

EPO (5 or 10 g/rat) on the percent area of iNOS immunostaining. Photomicrographs are captured at 40× 
magnification. Results are expressed as mean ±S.E.M. and analyzed using one-way ANOVA followed by 
Bonferroni’s post-hoc test at P<0.05.*Compared to normal group, #Compared to fructose- drinking group, 
$Compared to fenofibrate group, ¶Compared to EPO (5 g/rat) group, n=8Moreover, treatment with 
fenofibrate (80 mg/kg) or the high dose of EPO (10 g/rat) downregulated the expression of RAGE as indicated 
by the decrease in immunostaining area (P<0.05, Fig 5-II). 
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Fig  5-(I)  Immunostaining  for  RAGE  in  the  experimental  groups.  (II)  Effect  of fenofibrate 

(80mg/kg) or EPO (5 or 10 g/rat) on the percent area of RAGE immunostaining. Photomicrographs are 
captured at 40× magnification. Results are expressed as mean ±S.E.M. and analyzed using one-way ANOVA 
followed by Bonferroni’s post-hoc test at P<0.05.*Compared to normal group, #Compared to fructose-drinking 
group, $Compared to fenofibrate group, ¶Compared to EPO (5 g/rat) group, n=8. 

 
DISCUSSION 

 
Given the important crucial role of high fructose consumption in the pathogenesis of insulin 

resistance and NAFLD, research were undertaken to seek novel therapeutic agents that can be used for long-
term administration. Although the traditional treatment for NAFLD is generally well tolerated, cases of 
myopathy, rhabdomyolysis and hepatotoxicity were reported [29, 30]. The interest seeking naturally 
micronutrients with antioxidant and anti-inflammatory properties with fewer or no adverse effects is 
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increasing. EPO has received importance as a promising dietary supplement because of its effectiveness as 
anti-inflammatory and anti-oxidant combined with its lipid lowering effect. 

 
As AGE and the in receptor (RAGE) have a central role in the pathogenesis of NAFLD, the inhibition of 

the AGE–RAGE axis may be a new therapeutic target to be evaluated. Additionally, as one of the characteristic 
features of NAFLD is the correlation between the AGEs/RAGE axis and the development of oxidative stress and 
inflammatory process, our study was extended to evaluate the anti-oxidative and anti-inflammatory effect of 
EPO on hepatic fatty degeneration-promoted by fructose drinking in rats. In this regard, the effects of EPO 
were compared to fenofibrate as a standard reference drug. 

 
In our rat model we demonstrated that fructose-fed diet was associated with increase in body weight 

and dyslipidemia and elicited impaired glucose tolerance. These results, consistent with reports by others [4, 
31- 35], support the view that high consumption of dietary fructose is increasingly being identified as a 
causative environmental factor contributing to the development of a wide range of metabolic alterations, 
including obesity, and dyslipidemia. These alterations lead to visceral fat accumulation, fatty liver and NAFLD 
[36-38]. It was emphasized that increased fructose intake encourages weight gain, and impaired lipid 
metabolism by its ability to stimulate food intake and lower metabolism [36]. 

 
Our results revealed that fructose administration resulted in development of IR as noted by the 

observed elevation of HOMA-IR which is in accordance to other previous reports [32-34, 37]. Fructose-induced 
IR might be in part be related to hyperlipidemia as evident from the elevated serum levels of TGs and total 
cholesterol, LDL levels and the declined HDL level. Abnormal lipid profile is considered as another 
characteristic feature of metabolic syndrome, in which fructose acts as alipogenic sugar leads to acceleration 
of lipogenesis and accumulation of triglycerides [3,5,39],which inturn results in decreased insulin sensitivity 
and hepatic insulin resistance/glucose intolerance [31, 40]. Stanhope et al. [41] emphasized that excess 
fructose administration leads to increased de novo lipogenesis either directly [42, 43] via synthesis of fatty 
acids through gene expression of many enzymes, including acetyl-coenzyme A carboxylase and fatty acid 
synthase or indirectly by inhibiting fatty acid oxidation [44]. This dyslipidemia- induced IR could be clarified by 
Abdullaet al.[45] who highlighted tha thyperlipidemia down regulates insulin receptors and lowers insulin 
receptor mRNA levels in skeletal muscle; leading to reduced insulin stimulated glucose utilization and 
decrease in insulin sensitivity. 

 
Evening  primrose  oil  administration  efficiently  reduced  the  increased  body weight, improved 

impaired glucose tolerance and a meliorated dyslipidemia. These results are in agreement with previous 
observations that indicate that EPO supplementation can effectively a meliorate the dyslipidemia and its 
consequences IR infructose-fed rats [46-49]. This lipid lowering effect might be attributed to the inhibitory 
effect of EPO on 3-hydroxy 3-methyl glutaryl coenzyme A reductase (HMG-Co-A reductase). PUFAs are potent 
inhibitors of HMG-Co-A reductase which considered the rate limiting enzyme in cholesterol synthesis via 
mevalonate pathway [50, 51]. Additionally, it was previously documented the ability of EPO to upregulate the 
activity of LDL receptor and its consequent increased clearance of LDL from the plasma [49]. 
 

Another principal causative factor that might be participated in the progression of fructose-induced 
decreased insulin sensitivity and impaired glucose tolerance is the generation and accumulation of AGE and 
activation of its receptor [receptor for AGE (RAGE)]. Fructose by its reducing capacity could adduct proteins via 
the Maillard reaction; yielding glycated/ fructated proteins that is ultimately converted to toxic AGEs. AGEs 
byits interaction with RAGE, play a central role in cellular organelles dysfunction and damage with ultimately 
development of IR [7, 52]. In harmony with previous studies documented that insulin resistance/glucose 
intolerance was positively correlated with activation of AGEs/RAGE axis [6, 35, 53, 54], the present results 
demonstrated that fructose drinking   evoked protein glycation and mediated formation of AGE and activation 
of RAGE, which is implicated in insulin resistance/glucose intolerance and progression to the metabolic 
syndrome. Santos et al. [55] emphasized that AGEs formation which occurs slowly under physiological 
conditions, its generation increases considerably with hyperglycemia; participating in the development of IR 
and the progression to chronic diseases. The exposure of the liver to such enormous rising fructose 
consumption and activation of AGEs/RAGE axis have been associated with alteration of steatosis characterized 
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by the presence of hepatic fat accumulation with no evidence of hepatocellular injury to steatohepatitis [55] 
and development of hepatocellular injury and ultimately liver damage [7, 56, 57] as indicated by the elevated 
liver specific serum markers and confirmed by the histopathological assessment. In the current study, 
treatment with EPO through lowering glycated hemoglobin levels, down regulated RAGE expression and 
suppressing AGE-RAGE axis; provided effectiveness in reversing this scenario and ameliorating the liver tissue 
damage. 

 
This improving outcome of EPO can be additionally being allocated to its anti- oxidant capacity. Some 

researchers emphasized that during the course of metabolic syndrome, AGEs/RAGE interaction has been 
involved in the progression of oxidative stress burden with its subsequent insulin resistance/glucose 
intolerance and pathogenic consequences on the proliferation and stimulation of hepatic stellate cells; 
indicating a functional association between formation of serum AGEs and the development of oxidative stress 
and development of liver injury [7,55,58]. Moreover, other studies strongly support the theory that oxidative 
process plays a critical role in IR/glucose intolerance after long-term fructose drinking and emphasized that 
continuous fructose ingestion-induced metabolic burden on the liver and is associated with ATP depletion; 
promoting development of oxidative stress[37 , 59, 60 ]. The present results agree with some   published   
data   that   highlights   the   important   link   between   high   fructose consumption-induced activation of 
AGEs/RAGE axis and the development of oxidative stress burden as indicated by the significant increase in the 
oxidative stress biomarker and the decrease in the status of antioxidant enzymes [33, 58, 61, 62]. In 
agreement, many previous studies, documented that EPO is not only possess a powerful anti-oxidant effect, 
but also exhibit intense radical-scavenging activity; the current study demonstrated that EPO administration 
not only attenuated lipid peroxidation as evident by the significant decrease in MDA level, but also increased 
the antioxidant enzymes pool [16, 46, 63, 64]. These were emphasized by some research groups, authors 
revealed that EPO suppresses the formation of ROS by its Phenolic compounds which inhibit lipid 
peroxidation, chelate metal ions and stop the chain reactions [65-68]. 

 
Moreover, the increased expression of AGEs and activation of its receptor elicit inflammation and 

lead to formation of cytokines such as TNF-α and iNOS; which contribute to the progression of insulin 
resistance/glucose intolerance and play a role in liver damage [37,58,61,69, 70]. EPO administration by its 
known anti-inflammatory capacity  [50,  71],  effectively  downregulated  the  increments  in  these  
inflammatory markers in many inflammatory conditions such as, cardiac injuries [18, 24] . 

 
Collectively, our present findings provided effectiveness of EPO in counter acting the disrupting 

effects observed in hepatic component of metabolic syndrome induced by fructose drinking in rats, at least in 
part, by suppressing AGEs/RAGE axis and its subsequent generation of ROS and inflammatory mediators 
known to be involved in the pathogenesis of fatty degeneration and the progression of the metabolic 
syndrome. Conclusion: Inspite of the beneficial outcomes of EPO noticed in this study were almost 
comparable to fenofibrate known by its anti-inflammatory [22, 72] and antioxidant actions [15] and is 
implicated in reducing liver adiposity and IR [13,73], however, EPO might be preferable considering safety. 
Therefore, this study gives convincing evidence of the promising alternative modality of EPO administration 
and its benefit of therapeutic utility on the hepatic component of metabolic syndrome induced by fructose 
drinking. Hence, further studies are warranted to fully elucidate its clinical application. 
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