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Modulatory effects of naringin on hepatic key enzymes of carbohydrate 
metabolism in high-fat diet/low-dose streptozotocin-induced diabetes 
in rats
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Abstract. We evaluated the modulatory effects of naringin on altered hepatic key enzymes of 
carbohydrate metabolism in high-fat diet/low-dose streptozotocin-induced diabetic rats. Oral 
treatment of naringin at a doses of 20, 40 and 80 mg/kg body weight (b.w.) to diabetic rats for 30 
days resulted in a significant reduction in the levels of plasma glucose, blood glycosylated hemo-
globin and increase in the levels of plasma insulin and blood hemoglobin. The altered activities of 
the hepatic key enzymes of carbohydrate metabolism such as hexokinase, glucose-6-phosphatase, 
fructose-1,6-bisphosphatase, glucose-6-phosphate dehydrogenase, glycogen synthase, glycogen 
phosphorylase and glycogen content of diabetic rats were significantly reverted to near normal 
levels by the treatment of naringin in a dose-dependent manner. Naringin at a dose of 80 mg/kg 
b.w. showed the highest significant effect than the other two doses (20 and 40 mg/kg b.w.). Further, 
immunohistochemical observation of pancreas revealed that naringin-treated diabetic rats showed 
the increased number of insulin immunoreactive β-cells, which confirmed the biochemical find-
ings. These findings revealed that naringin has potential antihyperglycemic activity in high-fat 
diet/low-dose streptozotocin-induced diabetic rats.
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Introduction

Diabetes mellitus (DM) is one of the most severe and in-
curable metabolic disease that occurs when the pancreas 
does not produce enough insulin or alternatively, when 
the body cannot effectively use the insulin it produces 
(American Diabetes Association-2011). The world preva-
lence of DM is currently about 415 million and predicted 
to reach 642 million by the end of 2040, according to the 
International Diabetes Federation report (2015) (https://
www.diabetesvic.org.au/images/2015 news/Exec Sum-
mary Diabetes Atlas 7.pdf). DM is classified into type 1 
and type 2 DM (T2DM) while over 90–95% of patients are 
suffering from T2DM (Liu et al. 2013). T2DM is charac-

terized mainly by insulin resistance and a β-cell secretory 
deficiency (Salas-Salvado et al. 2011) with derangement 
in carbohydrate, protein and lipid metabolism resulting 
in sustained hyperglycemia.

Liver is an insulin-sensitive tissue and plays a major role in 
maintaining glucose homeostasis by coordinated regulation 
of several metabolic pathways including gluconeogenesis and 
glycolysis (Sundaram et al. 2013). McAnuff et al. (2015) have 
reported that deterioration of insulin control exacerbates 
metabolic disturbances by diminishing of the activities of 
enzymes in the glycolytic and pentose phosphate pathways, 
while increasing the activities of gluconeogenic and glycog-
enolytic pathways. These modifications impair peripheral 
glucose utilization and increase hepatic glucose production 
(Chandramohan et al. 2015). Since, the regulation of carbo-
hydrate metabolism is the major therapeutic approaches to 
control the DM and its complications. 

Currently available medicines, including insulin and other 
oral hypoglycemic agents such as biguanide, thiazolidinedi-
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one, sulfonylurea and α-glycosidase inhibitors, are used for 
the treatment of DM. Conversely, these medicines frequently 
leads to deleterious side effects, such as hypoglycemia, drug-
resistance, dropsy and weight gain (Prabhakar et al. 2013). 
For this reason, the detection of novel pharmacological 
approaches to efficiently prevent, treat and cure this disease 
without any deleterious side effect is of major consequence. 
Recently, diabetic healthcare professions had a significant 
importance in considering complementary and alternative 
approaches, involving by identifying natural insulin-sensitive 
and insulin-secretary substance from functional foods 
and their bioactive compounds to replace synthetic ones 
(Mirmiran et al. 2014).

Naringin (4’,5,7-trihydroxyflavanone 7-rhamnoglu-
coside) is a major and active flavanone glycoside that is 
ubiquitous in citrus herbs and grape fruit. Grapes and 
citrus fruits are common in the diet. The flavonoids in 
these fruits are known to exert a wide range of benefits 
and are also experimentally valid to have no side effects 
(Tapas 2008). Orally administered naringin is metabolized 
to naringenin (4’,5,7-trihydroxyflavanone), which crosses 
the blood-brain barrier (Zbarsky 2005). It possesses 
a wide range of biological and pharmacological activities 
including anti-inflammatory, anti-oxidant, antihyperlipe-
demic and antihyperglycemic activities (Jeon et al. 2001; 
Golechha et al. 2011; Chanet et al. 2012; Mahmoud et al. 
2012). Despite of these pharmacotherapeutic properties 
of naringin, its beneficial effects against T2DM using 
a high-fat diet (HFD) combined with a low-dose of strep-
tozotocin (STZ)-induced diabetic rats model have not 
been explored. The HFD followed by treatment with low 
dose of STZ is contemplated to be an innovative animal 
model, because it could be closely linked to the clinical 
circumstance in humans and the stages and transitions in 
the sequence of T2DM (Skovsø 2014). Hence, this study 
was carried out to examine the role of naringin on the 
level of plasma glucose, insulin, hemoglobin, glycosylated 
hemoglobin and some key enzymes of carbohydrate 
metabolism in a HFD combined with a low-dose of STZ-
induced diabetic rats.

Materials and Methods

Chemicals

Naringin and STZ were purchased from Sigma–Aldrich 
(St. Louis, MO, USA). Insulin primary antibody was pur-
chased from Santa-Cruz Biotechnology, Inc. (USA). Rabbit 
anti-mouse secondary antibody was purchased from Genei 
(Bangalore, India). All other chemicals and solvents used in 
this study were of analytical grade and purchased from Hi 
Media and SD-Fine Chemicals (Mumbai, India). 

Experimental animals

Male albino Wistar rats, weighing about 180–220 g were 
procured from Central Animal House, Department of 
Experimental Medicine, Rajah Muthiah Medical College 
and Hospital, Annamalai University. They were housed 
in clean, sterile, polypropylene cages at an ambient tem-
perature of 25 ±  2°C and relative humidity of 45–55% 
with 12 h light/dark cycles (light on at 8:00 and light off 
at 20:00). They had free access to standard rodent pel-
leted diet (Hindustan Lever Ltd., Bangalore, India) and 
water ad libitum, prior to the dietary manipulation. The 
experimental protocol was approved by the Institutional 
Animal Ethical Committee, Annamalai University (Reg 
No. 1099, 2014).

Experimental design

The rats were randomly divided into 2 groups: group 1 (n = 
12) was fed with normal pellet diet (NPD) (9% fat, 20% 
protein, 53% starch, 5% fiber) and group  2 (n  = 24) fed 
with HFD (25% fat, 15% protein, 51% starch and 5% fiber) 
(Jian et al. 1998) for one month. After one month on their 
respective diets, rats from group 2 rats were intraperitoneally 
injected with STZ dissolved in 0.1 M citrate buffer (pH 4.5) 
at a dose of 25 mg/kg body weight (b.w.). Rats with fasting 
plasma glucose over 250 mg/dl, 3 days after STZ injection 
were considered diabetic and used for the study. The diabetic 
rats were fed on the HFD until the end of the experiment. 
Normal and diabetic rats were divided into six groups as 
follows: NC, normal control rats (n = 6); N+80N, normal 
rats treated with naringin (80 mg/kg b.w.; n = 6); D, HFD 
with STZ-induced diabetic control rats (n  =  6); D+20N, 
HFD with STZ-induced diabetic rats treated with naringin 
(20 mg/kg b.w.; n  =  6); D+40N, HFD with STZ-induced 
diabetic rats treated with naringin (40 mg/kg b.w.; n = 6); 
D+80N, HFD with STZ-induced diabetic rats treated with 
naringin (80 mg/kg b.w.; n = 6). Naringin was dissolved in 
water and administered orally by intragastric intubation, 
daily for a period of 30 days. 

At the end of the experimental period, all the rats were 
fasted overnight and sacrificed by cervical decapitation. 
Blood samples were collected in tubes containing potas-
sium oxalate and sodium fluoride (3:1) mixture for the 
estimation of plasma glucose and insulin. The liver tissue 
was immediately dissected, washed in ice-cold saline to 
remove the blood. Also, pancreas was collected in 10% 
formalin solution and immediately processed for histo-
logical study by the paraffin technique. A portion of the 
liver tissues were minced and homogenized (10%, w/v) 
with 0.1 M Tris-HCl buffer (pH 7.4) and centrifuged (3000 
× g for 10 min). The resulting supernatant was used as an 
enzyme source for the estimation of various parameters. 
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Another portion of wet liver tissue was used for the esti-
mation of glycogen content.

Biochemical estimations

Plasma glucose was estimated using a  commercial kit 
(Sigma Diagnostics Pvt. Ltd., Baroda, India) by the method 
of Trinder (1969). Plasma insulin was assayed by ELISA kit 
(Boeheringer–Manneheim Kit, Manneheim, Germany). To-
tal hemoglobin (Hb) and glycosylated hemoglobin (HbA1c) 
were estimated in the whole blood by diagnostic kits (Agappe 
Diagnostic Pvt. Ltd., India). 

Oral glucose tolerance test

Oral glucose tolerance test (OGTT) was performed ac-
cording to the method of Du Vigneaud and Karr (1925). 
After overnight fasting on 31st day, ‘0’ minute blood sample 
(0.2 ml) was taken from control and experimental rats. With-
out delay, a glucose solution (2 g/kg b.w.) was administered 
by oral gavage. Blood samples were taken at 30, 60, 90 and 
120 min after glucose administration.

Assay of carbohydrate metabolic enzymes

Hepatic glucokinase activity was assayed by the method 
of Brandstrup et al. (1957). The reaction mixture in a total 
volume of 5.3 ml contained: 1 ml of glucose (5 mM) solu-
tion, 0.5 ml of ATP (72 mM) solution, 0.1 ml of MgCl2 
(50 mM) solution, 0.4 ml of potassium dihydrogen phos-
phate (125 mM), 0.4 ml of KCl (100 mM), 0.4 ml of NaF 
(0.5 M) and 2.5 ml of Tris-HCl buffer (10 mM, pH 8.0). 
The mixture was pre-incubated at 37°C for 5 min. The 
reaction was initiated by the addition of 2 ml of tissue 
homogenate. 1  ml of the reaction mixture was imme-
diately transferred to the tubes containing 1  ml of 10% 
trichloroacetic acid (TCA) that was considered as zero 
time. A  second aliquot was removed and deproteinised 
after 30 min incubation at 37°C. The protein precipitate 
was removed by centrifugation and the residual glucose 
in the supernatant of tissue homogenate was estimated by 
the method of Trinder (1969).

Glucose-6-phosphate dehydrogenase in the liver was 
assayed by the method of Ells and Kirkman (1961). The in-
cubation mixture contained 1 ml of Tris-HCl buffer (50 mM, 
pH 7.5), 0.1 ml of MgCl2 (0.1 M), 0.1 ml of NADP (0.1 M), 
0.5 ml of phenazine methosulphate, 0.4 ml of dye solution 
and required amount of the enzyme extract. The mixture was 
allowed to stand for 10 min at room temperature to permit 
the oxidation of endogenous materials. The reaction was 
initiated by the addition of 0.5 ml of glucose-6-phosphate. 
Absorbance of the sample was read at 640 nm against the 
blank at 1-min interval for 3–5 min. The enzyme activity 

was expressed in units by multiplying the change in OD/
min by the factor 6/17.6, the molar extinction co-efficient 
of the reduced co-enzyme. 

Hepatic glucose-6-phosphatase activity was assayed by 
the method of Koide and Oda (1959). Incubation mixture 
contained 0.7 ml of citrate buffer (0.1 M, pH 6.5), 0.3 ml of 
substrate (10 mM) and 0.3 ml of tissue homogenate. The 
reaction mixture was incubated at 37°C for 1 h. Addition of 
1 ml of 10% TCA to the reaction tubes terminated the reac-
tion of the enzyme. The suspension was centrifuged and the 
phosphorus content of the supernatant of tissue homogen-
ates were estimated by the method of Fiske and Subbarow 
(1925). The supernatant was adjusted to a known volume. 
To this, 1 ml of ammonium molybdate was added followed 
by 0.4 ml of amino naphthol sulphonic acid (ANSA). After 
20 min, the absorbance was read at 680 nm.

Fructose-1,6-bisphosphatase activity in the liver was 
measured by the method of Gancedo and Gancedo (1971). 
The assay mixture in a final volume of 2 ml contained 1.2 ml 
of Tris-HCl buffer (0.1 M, pH 7.0), 0.1 ml of substrate 
(50 mM), 0.25 ml of MgCl2 (0.1 M), 0.1 ml of potassium 
chloride solution (0.1 M), 0.25 ml of ethylene diamine tetra 
acetic acid (EDTA) (1 mM) solution and 0.1 ml of enzyme 
source. The incubation was carried out at 37°C for 5 min. 
The reaction was terminated by the addition of 10% TCA. 
The suspension was centrifuged and the supernatant was 
used for the estimation of phosphorus by the method of 
Fiske and Subbarow (1925) as described previously. The 
estimation of protein was carried out by the method of 
Lowry et al. (1951).

Estimation/assay of glycogen and glycogen metabolic enzymes

The hepatic glycogen was extracted and estimated by the 
method of Morales et al. (1973). 0.5 ml of tissue homogen-
ate was mixed with 0.5 ml of 10% TCA and centrifuged for 
10 min. The precipitate was dissolved in 1 ml of 0.1 N sodium 
hydroxide. From this, an aliquot was taken, and 4.5 ml of 
alkaline copper reagent was added and allowed to stand at 
room temperature for 10 min. 0.5 ml of Folin’s phenol rea-
gent was added and the blue color developed was read after 
20 min at 640 nm.

Glycogen synthase activity in the liver was measured 
according to the procedure of Golden et al. (1977). Sam-
ples of liver (0.2–0.4 g) were homogenized in 2.0 ml of 
Tris-HCl buffer, pH 7.8, containing 10 mM EDTA, 5 mM 
dithiothreitol, 50 mM NaF, and 2.5 g/l rabbit liver glycogen 
type III (Sigma, Poole, UK). The homogenate was centri-
fuged at 10,000 × g for 30  s  in an MSE microcentrifuge 
and the supernatant was used for glycogen synthase assay 
by measuring the incorporation of uridine diphosphate 
(UDP)-U-glucose into glycogen at 30°C. The final con-
centration of UDP-glucose in the assay was 6.7 mM. Total 
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glycogen synthase activity was measured in the presence 
of 10 mM glucose-6-phosphate. 

 Glycogen phosphorylase was estimated by the method of 
Shull et al. (1956). The liver tissue was homogenized in 0.1 M 
NaF at 0°C to get a 15% homogenate. Suitable amounts of 
liver homogenates were pipetted into graduated centrifuge 
tubes containing 0.7 ml of NaF, 0.2 ml of glucose1-phosphate, 
0.6 ml of 0.1 M citrate buffer (pH 5.8) and 0.1 ml of glyco-
gen. The volume was made up to 2.0 ml with distilled water. 
The reaction mixture was incubated for 30 min at 30°C and 
then the reaction was stopped by the addition of 1.0 ml of 
ice cold 10% TCA. The volume was made up to 10 ml and 
the tubes were then kept in an ice bath for 20 min. Then, 
they were centrifuged and the solution was filtered through 
Whatman paper No. 42. The filtrate was then taken for the 

estimation of inorganic phosphorus by the method of Fiske 
and Subbarow (1925). 

Immunohistochemical study

The 5 μm thick paraffin-embedded pancreatic sections were 
deparaffinized by heating at 60ºC for 60 min, followed by 
three washes with xylene. After gradual hydration through 
graded alcohol, the slides were incubated in 10 mM sodium 
citrate buffer (pH 6.0) at 2 cycles for 5 min in a microwave 
oven for antigen retrieval. The sections were allowed to 
cool for 20 min and then rinsed with phosphate-buffered 
saline (PBS). The sections were treated with peroxidase 
block for 10 min to inhibit endogenous peroxidase activity. 
Non-specific antibody binding was reduced by incubating 
the sections with Universal Power Block for 10 min. The 
sections were then treated for 40 min at room temperature 
with 2% bovine serum albumin and incubated with insu-
lin mouse polyclonal antibody (dilution 1:500) at room 
temperature for 3 h. The slides were washed with PBS and 
then incubated with biotin-labelled polymer HRP second-
ary antibody followed by streptavidin–biotin-peroxidase. 
The immunoprecipitate was visualized by treating with 
3,3’-diaminobenzidine and counterstained with Mayer 
hematoxylin. 

Statistical analysis

Data presented as means ± standard deviation (S.D.) and 
subjected to statistical significance were evaluated by 
one-way analysis of variance (ANOVA) using Statistical 
Package for the Social Sciences (SPSS) software package 
version 17.0 (SPSS, Cary, NC, USA) and the individual 
comparisons were obtained by Duncan’s Multiple Range 
Test (DMRT). Values are considered statistically significant 
when p < 0.05.

Results

Dose-dependent effect of naringin on the levels of plasma 
glucose, insulin and glucose tolerance 

The levels of plasma glucose were significantly (p < 0.05) 
increased whereas plasma insulin levels were significantly 
(p  <  0.05) decreased in HFD and STZ-induced diabetic 
control rats when compared to normal control rats. Treat-
ment with naringin daily for a period of 30 days to HFD 
and STZ-induced diabetic rats significantly (p  < 0.05) 
decreased the levels of plasma glucose and significantly 
(p < 0.05) increased the levels of plasma insulin in a dose- 
dependent manner when compared with diabetic control 
groups (Figure 1). 

Figure 1. Effect of naringin on plasma glucose (A) and insulin (B) 
levels. Groups: NC, normal control rats; N+80N, normal rats treated 
with naringin (80 mg/kg b.w.); D, HFD with STZ-induced diabetic 
control rats; D+20N, HFD with STZ-induced diabetic rats treated 
with naringin (20 mg/kg b.w.); D+40N, HFD with STZ-induced 
diabetic rats treated with naringin (40 mg/kg b.w.); D+80N, HFD 
with STZ-induced diabetic rats treated with naringin (80 mg/
kg b.w.). Each column is mean ± S.D. for six rats in each group. 
* p <  0.05 as compared to normal control; ** p < 0.05 as compared 
to HFD+STZ-induced diabetic control. STZ, streptozotocin; HFD, 
high-fat diet.

A

B
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Oral glucose tolerance test showed the blood glucose 
reached the fasting levels at 120 min, after an oral dose 
of glucose in normal control rats. However, in HFD and 
STZ-induced diabetic control rats, the blood glucose levels 
remained elevated even after 120 min. Treatment with nar-
ingin showed a significant decrease in blood glucose levels 
in a dose-dependent manner when compared with diabetic 
control groups (Figure 2). Naringin at dose of 80 mg/kg 
b.w. showed the highest significant (p < 0.05) effect when 
compared to other two doses (20 and 40 mg/kg b.w.). Based 
on these data, the effective dose of naringin was fixed as 
80 mg/kg b.w. and used for further studies.

Effect of naringin on the levels of blood Hb and HbA1c 

HFD and STZ-induced diabetic control rats showed sig-
nificant (p  < 0.05) decrease in the level of total Hb and 
significant (p < 0.05) increase in the levels of HbA1c when 
compared with normal control rats. The levels of total Hb 
were significantly (p < 0.05) increased and significantly 
(p < 0.05) decreased in the levels of HbA1c by the treatment 
with naringin in diabetic rats when compared to HFD and 
STZ-induced diabetic control rats (Figure 3). 

Effect of naringin on the activities of carbohydrate metabolic 
key enzymes 

The activities of glycolytic enzymes (glucokinase) and lipo-
genic enzyme (glucose-6-phosphate dehydrogenase) were 
significantly (p  < 0.05) decreased whereas gluconeogenic 
enzymes (glucose-6-phosphatase and fructose 1,6 bisphos-
phate) were significantly (p < 0.05) increased in the liver of 

HFD and STZ-induced diabetic control rats when compared 
to normal control rats. Oral treatment with naringin to 
diabetic rats significantly (p < 0.05) increased the activities 
of glycolytic and lipogenic enzyme whereas significantly 
(p < 0.05) decreased the activities of gluconeogenic enzymes 
in the liver of diabetic rats when compared to HFD and STZ-
induced diabetic control rats (Figure 4).

Effects of naringin on glycogen content and glycogen metabolic 
enzymes

There was a significant (p < 0.05) reduction in the hepatic 
glycogen content and the glycogen synthase activity with 
concomitant increase in the glycogen phosphorylase activity 
in HFD and STZ-induced diabetic control rats compared to 
normal control rats. Oral treatment with naringin to diabetic 
rats significantly (p < 0.05) reversed the content of glycogen 
and the activities of these glycogen metabolic enzymes when 
compared to HFD and STZ-induced diabetic control rats 
(Figure 5).

Figure 2. Effect of naringin on glucose level using oral glucose 
tolerance test (OGTT). Each value is mean ± SD for six rats in each 
group. For more abbreviations, see Fig. 1.

A

B

Figure 3. Effect of naringin on the levels of blood Hb (A) and 
HbA1C (B). Each column is mean ± S.D. for six rats in each group; 
* p < 0.05 as compared to normal control. ** p < 0.05 as compared 
to HFD+STZ-induced diabetic control. Hb, total haemoglobin; 
HbA1c, glycosylated haemoglobin. For more abbreviations, see 
Fig. 1.
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Effect of naringin on immunohistochemical staining of 
insulin in pancreas

Immunohistochemical observations of pancreas of normal 
control and experimental rats are shown in Figure 6. Normal 
control rats showed strong immunoreactivity of insulin in 
β-cells, which occupy most of the islets (Fig. 6A), naringin 
(80 mg/kg b.w.) administered normal rats also showed islets 
with a relatively large area of insulin-immunoreactivity (Fig. 
6B), HFD and STZ-induced diabetic control rats revealed 
reduced number and area of insulin-immunoreactive 
β-cells (Fig. 6C), 80 mg/kg b.w. naringin-treated diabetic 
rats revealed moderate increase in the number and area of 
insulin-immunoreactive β-cells (Fig. 6D). 

Discussion

HFD will cause insulin resistance in peripheral tissues due 
to lipotoxicity; meanwhile, low dose of STZ will induce mild 

defect in insulin secretion (Unger et al. 2010). Combination 
of HFD with low dose of STZ has therefore successfully mim-
icked natural progress of DM development as well as metabolic 
features in human T2DM (Sahin et al. 2007; Franconi et al. 
2008). In the present study, HFD and STZ-induced diabetic 
rats revealed significant reduction in plasma glucose levels 
on treatment with naringin, which could be due to glucose 
lowering action through stimulation of remnant β-cells of 
Langerhans islets to release more insulin from the pancreas, 
which confirms the increased levels of plasma insulin in dia-
betic rats treated with naringin. Our results are in harmony 
with Mahmoud et al. (2012), who reported that naringin 
exhibits antihyperglycemic effect in experimental diabetic rats.

The OGTT is playing an important role in the diagnosis 
of DM as well as screening for abnormal glucose levels (i.e. 
prediabetes or diabetes). In the present study, the HFD and 
STZ-induced diabetic rats showed a significant increase in 
the blood glucose level at 60 min and was maintained for 
120  min following glucose administration in OGTT. In 
contrast, in naringin-treated diabetic rats the blood glucose 

A B

C D

Figure 4. Effect of naringin on changes in the activities of liver glucokinase (A), glucose-6-phosphate dehydrogenase (B), fructose 1,6-bis-
phosphatase (C) and glucose-6-phosphatase (D) . Each column is mean ± S.D. for six rats in each group. * p < 0.05 as compared to normal 
control; ** p < 0.05 as compared to HFD+STZ-induced diabetic control. For more abbreviations, see Fig. 1. PI, inorganic phosphate.
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reached the fasting levels after 120 min, which showed im-
provement in the glucose utilization ability of diabetic rats 
treated with naringin. Similar observations were reported 
by Sharma et al. (2011).

HbA1c is a standard biochemical marker as well as a relia-
ble index to monitor glucose lowering therapy and long-term 
blood sugar control (Kasetti et al. 2010). Decreased levels of 
total Hb was noticed in HFD and STZ-induced diabetic rats 
might be due to the increased formation of HbA1c, which 
caused by hyperglycemia through non-enzymatic glycosyla-
tion (Sundaram et al. 2013). Oral treatment with naringin 
to HFD and STZ-induced diabetic rats revealed decreased 
the elevation of HbA1c, thereby increasing the level of total 
Hb, by virtue of its antihyperglycemic effect.

Glucokinase is the rate-limiting enzyme in the catabolism 
of glucose, which phosphorylates glucose to glucose-6-pho-
phate and is almost completely inhibited or inactivated in 
experimental DM (Tiedge et al. 2000), which could be due 
to decreased utilization of glucose for energy production 
(Vats et al. 2003). Oral treatment with naringin to HFD and 
STZ-induced diabetic rats revealed in significant increase 
in the activity of hepatic glucokinase, which may be due to 
increase in glycolysis and utilization of glucose for energy 
production, by virtue of its antihyperglycemic effect. Our 
results were similar to the report of Jung et al. (2004), who 

demonstrated that naringin improved glucokinase activity 
in C57BL/KsJ-db/db Mice.

Glucose-6-phosphate dehydrogenase is the key regulatory 
enzyme in the pentose phosphate pathway, which results in 
the production of ribose-5-phosphate and NADPH (Cappai 
et al. 2011). The hepatic glucose-6-phosphate dehydrogenase 
activity was found to be decreased in diabetic conditions, 
suggest a decrease in glucose metabolism via phosphoglu-
conate oxidation pathway (Prasath and Subramanian 2011). 
Naringin-treated HFD and STZ diabetic rats enhanced the 
glucose utilization by increasing the activity of glucose-
6-phosphate dehydrogenase through the pentose phosphate 
pathway, by virtue of its antihyperglycemic effect.

Gluconeogenesis is a main cause of the elevated hepatic 
glucose production, contributing 50–60% of the released 
glucose (Srinivasan et al. 2014). Excessive hepatic glucose 
production via the gluconeogenesis pathway is partially 
responsible for the elevated glucose levels observed in DM 
(He et al. 2009). Glucose-6-phosphatase and fructose-1,6-
bisphosphatase are the important enzymes in regulating of 
gluconeogenic pathway. In the present study, the activities 
of the hepatic gluconeogenic enzymes were significantly 
increased in HFD and STZ-induced diabetic rats. The in-
creased activities of these hepatic gluconeogenic enzymes 
may be due to the activation or increased synthesis of the 

A B

C

Figure 5. Effect of naringin on glycogen content (A), glycogen 
synthase (B) and glycogen phosphorylase (C). Each column is 
mean ± S.D. for six rats in each group. * p < 0.05 as compared to 
normal control; ** p < 0.05 as compared to HFD + STZ-induced 
diabetic control. For more abbreviations, see Fig. 1.
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enzymes involving to the increased glucose production 
during DM by liver and naringin treatment may inhibit 
gluconeogenesis by reduction in the activities of glucose-
6-phosphatase and fructose-1,6-bisphosphatase, thereby re-
ducing the endogenous production of glucose. These results 
are agreement in with Jung et al. (2004) who reported that 
naringin, improves glucose metabolism in type 2 diabetic 
mice by the inhibition of gluconeogenesis.

Glucose is stored in the form of glycogen in the liver and 
skeletal muscle, which indicates direct reflection of insulin 
activity since it regulates glycogen deposition by stimulating 
glycogen synthase and inhibiting glycogen phosphorylase 
(Verma et al. 2013). Liver glycogen content that was sig-
nificantly reduced in HFD and STZ-induced diabetic rats 
has been attributed to reduced activity of glycogen synthase 
and increased activity of glycogen phosphorylase. Oral treat-
ment of naringin to stimulating produces more insulin from 

remnant β-cells and increase glycogen content in the liver of 
diabetic rats by increasing the activity of glycogen synthase and 
inhibiting the activity of glycogen phosphorylase. Our results 
are also in agreement with the results published in a previous 
study; the lowering of blood glucose levels was accompanied 
by increased liver glycogen content after naringin supplemen-
tation on glucose metabolism in db/db mice (Jung et al. 2004).

Immunohistochemical staining of pancreas in HFD and 
STZ-induced diabetic rats showed that reduced number and 
area of insulin-immunoreactive β-cells. Naringin treatment to 
diabetic rats revealed well-defined islets and strong insulin-
immunoreactive staining were observed, which suggested 
that naringin stimulate increase insulin secretion from rem-
nant pancreatic β-cells and maintains blood glucose levels in 
diabetic rats, by virtue of its antihyperglycemic effect.

Numerous studies have revealed that hyperglycemia 
causes the deterioration of pancreatic β-cells due to oxidative 

Figure 6. Immunohistochemical observations on the pancreatic tissues in normal control rats (A), normal rats treated with naringin (80 
mg/kg) (B), HFD+STZ-induced diabetic control rats (C), diabetic rats treated with naringin (80 mg/kg) (D). Pancreatic tissue sections 
stained with anti-insulin antibody were showed at 100× magnification. The arrow indicates the insulin-immunoreactivity of the section. 
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stress (Kaneto et al. 1999, 2001). Hence, antioxidants can 
have beneficial effects on pancreatic β-cells by neutralizing 
the oxidative stress. Previous study revealed that, naringin 
treatment significantly prevents lipid peroxidation and im-
proves antioxidant status in HFD and STZ-induced type 2 
diabetic rats. Thus, naringin scavenges excessive free radicals 
produced by STZ and reduces oxidative stress, by virtue of 
its antioxidant effect (Mahmoud et al. 2012).

In conclusion, from the above findings revealed that 
naringin appears to possess antihyperglycemic activity via 
modulating plasma glucose and insulin levels as well as the 
enzymes involved in the glucose and glycogen metabolism 
and its protective effects on hepatic tissue in HFD and STZ-
induced diabetic rats. 
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