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Abstract. Diabetes, a disease with high prevalence in 
China, is a major risk factor of cardiovascular disease. 
Hesperidin is a flavanone glycoside with anti‑hyperglycemic 
and anti‑hyperlipidemic activities. Therefore, the present 
study aimed to investigate the potential preventive effect of 
hesperidin against type 2 diabetes mellitus (T2DM) using a 
rat model of alloxan and high fat diet (HFD)‑induced insulin 
resistance. Male Sprague Dawley rats were orally adminis‑
tered with 100 mg/kg hesperidin or vehicle (sodium carboxy 
methyl cellulose) for 35 days. Insulin resistance was induced 
by feeding animals a HFD for 3 weeks (from day 7) and then 
with an alloxan injection on day 28. Results from the in vivo 
study demonstrated that hesperidin improved fasting serum 
glucose (from 19.8  to  10.6  mmol/l) without changing the 
fasting insulin level, suggesting that hesperidin prevented the 
development of insulin resistance and diabetes by improving 
insulin sensitivity. In the oral glucose tolerance test, the 
development of impaired glucose tolerance was also prevented 
by hesperidin treatment. Hesperidin was found to regulate 
glycolysis and gluconeogenesis by enhancing the activity of 
glucokinase, inducing the phosphorylation of insulin receptor 
(IR) and phosphoinositide‑dependent kinase 1 (PDK1), while 
decreasing the activity of glucose‑6‑phosphatase and phos‑
phoenolpyruvate carboxykinase in the liver. In a cell‑based 
assay, hesperidin increased glucose uptake in primary rat 
adipocytes. Collectively, the present study identified the potent 
preventive effect of hesperidin against HFD‑induced insulin 
resistance by activating the IR/PDK1 pathway. The current 
results may provide a potential strategy lacking sides effects to 
improve metabolic health and reduce risks.

Introduction

Diabetes mellitus (DM) is a group of metabolic diseases 
characterized by hyperglycemia, which is caused by impaired 
insulin secretion or dysregulated biological function, or 
both (1). DM is the leading risk factor of cardiovascular disease, 
which has the highest mortality rate in China (2,3). Moreover 
the prevalence of diabetes and prediabetes among the Chinese 
population increased substantially from 9.7 and 15.5% in 2010 
to 11.6 and 50.1% in 2013, respectively (3,4). Thus, developing 
a strategy for disease control in diabetes at the prediabetic 
stage is urgently required (5,6).

Insulin resistance is a pathological condition in which cells 
fail to respond physiologically to the hormone insulin, leading 
to excess secretion of insulin as compensation to maintain 
the stability of blood glucose, eventually accelerating the 
development of type 2 DM (T2DM) (7,8). Targeting insulin 
resistance has been used as a first line strategy to treat 
diabetes (2). The insulin receptor (IR) is a tetramer, which 
consists of two α subunits and two β subunits connected via 
disulfide bonds. The α subunit is extracellular and presents 
binding sites of insulin, while the β subunit is composed of 
a transmembrane domain and a intracellular kinase domain, 
acting as a signal transducer  (9,10). By binding to IR, the 
PI3K‑dependent signaling pathway is initiated, which leads 
to the recruitment and interaction of the IR substrate and 
PI3K, eventually resulting in the activation of AKT via 
phosphoinositide‑dependent kinase 1 (PDK1) (9,10).

In traditional Chinese medicine (TCM) theory, herbs such 
as Polygonatum odoratum, Pueraria lobata and Astragalus 
membranaceus, are considered as treatments of diabetes 
for 1,000s of years (11), and demonstrate fewer side effects 
compared with conventional medicine (12,13). In plants, various 
bioflavonoids have been reported to mitigate hyperglycemia or 
diabetes (14‑17). Hesperidin is a flavanone glycoside that abun‑
dantly exists in lemon and sweet orange (18). Previous studies 
have revealed anti‑hyperglycemic and anti‑hyperlipidemic effects 
of hesperidin in diabetic rats, but the molecular mechanism 
remains unknown (19‑22). The present study aimed to investi‑
gate the potential preventive effect of hesperidin against T2DM 
using a rat model of alloxan and high fat diet (HFD)‑induced 
insulin resistance. Furthermore, the current study examined the 
underlying molecular mechanism via which hesperidin improved 
glucose metabolism by activating the IR/PDK1 pathway.
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Materials and methods

Reagents. Hesperidin was purchased from Sigma‑Aldrich 
(Merck KGaA), and was suspended in 0.5% sodium carboxy 
methyl cellulose (CMC‑Na) for animal study or DMSO for 
cell‑based assay.

Glucose uptake assay. Healthy rat subcutaneous adipocytes 
were isolated as previously described (23) and cultured in 
DMEM (Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a humidi‑
fied 5% CO2 atmosphere. The cells were treated with 3, 10, 30 
or 100 µg/ml hesperidin at 37˚C and subsequently incubated 
without‑serum at 37˚C overnight. Following the treatment, 
1 nM insulin (Sigma‑Aldrich; Merck KGaA) and a cocktail 
containing 2‑deoxyglucose and 3H‑2‑deoxyglucose were 
applied to the cells and incubated at 37˚C for 2 h. Cytochalasin B 
(10 μM; Sigma‑Aldrich; Merck KGaA) served as non‑specific 
2‑deoxyglucose uptake to account for non‑insulin induced 
glucose uptake under the same conditions. Cells were then 
washed and lysed. Glucose uptake was measured using 
Tri‑Carb Liquid Scintillation Counter (PerkinElmer, Inc.) 
as counts per well and calculated by setting 0% as the effect 
of 1 nM insulin (negative control) and 100% as the effect of 
100 nM insulin (positive control).

Animals and insulin resistance model. A total of 24 male 
Sprague Dawley rats (weight, 150‑200 g; age, 6‑7 weeks) 
were purchased from Vital River Laboratories, Co., Ltd., 
and housed in a temperature and humidity‑controlled room 
(22‑23˚C; 45‑65%; 12 h light/dark cycle) with free access to 
food and water. Rats were administered either a HFD or a 
standard rat chow (control diet; Vital River Laboratories Co., 
Ltd.). All animals received humane care, and all experimental 
protocols were approved by Institutional Animal Care and Use 
Committee of Heilongjiang University of Chinese Medicine.

The insulin resistance model was induced following the 
protocol approved by China Food and Drug Administration (24). 
After 1‑week acclimation with the control diet, the rats were 
divided into three groups (n=8 per group), including naïve 
group, model group and hesperidin group. The naïve and 
model groups were orally administered with vehicle (CMC‑Na; 
5 ml/kg) for 35 days, while the hesperidin group was treated 
with 100 mg/kg hesperidin for the same period. After being 
fed with control diet for 1 week, both model and hesperidin 
groups were given HFD for another 3 weeks. Then, they were 
fasted for 24 h with free access to water prior to intraperitoneal 
injection of alloxan (103‑105 mg/kg; Sigma‑Aldrich; Merck 
KGaA). HFD was given for another 3‑5 days after the injec‑
tion. At the end of the model establishment, an oral glucose 
tolerance test (OGTT) was performed before the animals 
were sacrificed via CO2 euthanasia. Samples of blood (1 ml), 
liver and epididymal adipose tissue were collected for further 
analysis.

OGTT. After fasting for 3‑4 h, the rats were administered 
2.5 g/kg glucose via oral gavage. Then, drop blood (15 µl) 
was sampled via the tail vein at 0, 15, 30, 60, 90 and 120 min 
post‑glucose challenge, after which blood glucose was deter‑
mined using a glucometer (ACCU‑CHEK; Roche Diabetes 

Care, Inc.). The area under curve (AUC) was calculated using 
GraphPad Prism 6.0 (GraphPad Software, Inc.).

Biochemistry analysis. The serum levels of glucose (cat. 
no. F006‑1‑1), insulin (cat. no. H203), triglyceride (TG; cat. 
no. F001‑1‑1), total cholesterol (TC; cat. no. F002‑1‑1) and 
free fatty acid (FFA; cat. no. A042‑2‑1) were determined 
with commercially available kits from Nanjing Jiancheng 
Bioengineering Institute, according to the manufacturer's 
instructions.

Hepatic enzyme activity assay. Glucokinase activity was 
determined as described by Davidson and Arion (25). Liver 
samples were homogenized in buffer containing 50 mmol/l 
Tris‑HCl (pH 7.4), 100 mmol/l KCl, 10 mmol/l mercapto‑
ethanol and 1 mmol/l EDTA (Sigma‑Aldrich; Merck KGaA). 
Homogenates were centrifuged at 100,000 x g at 4˚C for 
1 h before the post‑microsomal supernatant was used for 
the spectrophotometric continuous assay (Thermo Fisher 
Scientific, Inc.), in which the formation of glucose‑6‑phos‑
phate from glucose at 27˚C for 1  h was coupled to its 
oxidation by glucose‑6‑phosphate dehydrogenase and NAD. 
Glucose‑6‑phosphatase activity was determined in the hepatic 
microsome using a spectrophotometric assay developed by 
Alegre et al (26). The reaction mixture contained 100 mmol/l 
sodium HEPES, 26.5 mmol/l glucose‑6‑phospate, 1.8 mmol/l 
EDTA, 2 mmol/l NADP+, 0.6 kIU/l mutarotase and 6 kIU/l 
glucose dehydrogenase. Phosphoenolpyruvate carboxyki‑
nase activity was measured using the spectrophotometric 
assay developed by Bentle  and  Lardy  (27). The reaction 
mixture contained 50  mmol/l sodium HEPES, 1  mmol/l 
IDP, 1 mmol/l MnCl2, 1 mmol/l dithiothreitol, 0.25 mmol/l 
NADH, 2 mmol/l phosphoenolpyruvate, 50 mmol/l NaHCO3 
and 7.2 U malic dehydrogenase. The enzyme activity was 
measured at 25˚C for 1 h, based on a decrease in the absor‑
bance at 340 nm using a microplate reader (Thermo Fisher 
Scientific, Inc.).

Western blotting. Protein extracted from adipose tissue using 
RIPA lysis buffer (Beyotime Institute of Biotechnology) for 
30 min, and then boiled with 5X loading buffer (Beyotime 
Institute of Biotechnology). Total protein was quantified using 
a bicinchoninic acid assay and 50 µg protein was separated via 
12% SDS‑PAGE. The separated proteins were transferred to 
PVDF membranes before being blocked with 5% non‑fat dry 
milk in TBT‑0.1% Tween‑20 for 1 h at room temperature. The 
PVDF membrane was then incubated with primary antibodies 
of IR (cat. no. 23413; 1:1,000), phosphorylated (p)‑IR (cat. 
no. 2969; 1:1,000), PDK1 (cat. no. 13037; 1:1,000,) p‑PDK1 
(cat. no. 3438; 1:1,000) or GAPDH (cat. no. 5174; 1:1,000; each, 
Cell Signaling Technology.) overnight at 4˚C. Horseradish 
peroxidase (HRP)‑conjugated anti‑mouse IgG (cat. no. 7076; 
1:2,000) and HRP‑conjugated anti‑rabbit IgG antibodies (cat. 
no. 7074; 1:2,000; Cell Signaling Technology, Inc.) were then 
added and incubated for 2 h at room temperature, after which 
the horseradish peroxidase‑conjugated protein was detected 
using a chemiluminescent horseradish peroxidase substrate 
solution (EMD Millipore). The specificity of the p‑IR antibody 
was Tyr1150/1151, and the specificity of the p‑PDK1 antibody 
was Ser241. The expression of protein was quantified using 
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Image‑Pro Plus software (version 6.0; Media Cybernetics, 
Inc.).

Statistical analysis. Quantitative data are presented as the 
mean ± SD, and were analyzed using GraphPad Prism 6.0 
(GraphPad Software, Inc.). Differences between groups were 
analyzed using a two‑way repeated measures ANOVA for 
OGTT, or one‑way ANOVA with Tukey's or Dunnett's multiple 
comparison test for other studies. P<0.05 was considered to 
indicate a statistically significant difference. Experiments 
were repeated ≥3 times.

Results

Hesperidin prevents hyperglycemia in diabetic rats without 
changing insulin level. In order to examine the preventive effect 
of hesperidin on diabetes, a rat model of insulin resistance 
was induced using alloxan and HFD, which can mimic the 
natural progress of diabetes. After model induction, compared 
with the naïve group, the level of fasting blood glucose was 
significantly increased from 7.2  to 19.8 mmol/l (Fig. 1A), 
while the insulin level was decreased from 3.4 to 2.8 mIU/l 

(Fig. 1B), causing the insulin resistance index to almost double 
(Fig. 1C). In addition, OGTT demonstrated that the levels of 
blood glucose at different time points after glucose challenge 
were significantly increased compared with the naïve group 
(Fig. 2A). The AUC was increased by 160% compared with 
naïve group (Fig. 2B).

In diabetic rats, 100 mg/kg hesperidin significantly reduced 
blood glucose level from 19.8 to 10.6 mmol/l compared with the 
model group (Fig. 1A). Furthermore, compared with the model 
group, blood glucose levels at different time points after glucose 
challenge were significantly reduced, with the AUC value 
decreasing by 42% (Fig. 2), but blood insulin levels remained 
similar (Fig. 1B). These effects led to a decrease in the insulin 
resistance index in the hesperidin group compared with the 
model group (Fig. 1C), suggesting that hesperidin may alleviate 
hyperglycemia by improving insulin sensitivity. Therefore, the 
results indicated that hesperidin prevented hyperglycemia after 
5‑week‑treatment in diabetic rats, suggesting possible diabetes 
prevention using a natural product.

Hesperidin has no significant effect on lipid metabolism. 
The levels of TG, TC and FFA were significantly elevated 

Figure 1. Effect of hesperidin on blood glucose and insulin levels. Rats were treated with alloxan and high fat diet to induce diabetes before blood was sampled 
to determine (A) blood glucose and (B) insulin levels. (C) Insulin resistance index was assessed using the HOMA‑IR = fasting glucose (mmol/l) x fasting 
insulin (mIU/ml)/22.5. Data are presented as the mean ± SD, n=8. ##P<0.01 vs. naïve group; **P<0.01 vs. model group. HOMA‑IR, homeostasis model assess‑
ment‑insulin resistance.

Figure 2. Effect of hesperidin on OGTT results. At the end of the model establishment, rats were administered 2.5 g/kg glucose via oral gavage with before 
blood was sampled at 0, 15, 30, 60, 90 and 120 min post‑glucose challenge. (A) Blood glucose levels during OGTT. (B) AUC calculated using GraphPad Prism. 
Data are presented as the mean ± SD, n=8. ##P<0.01 vs. naïve group; **P<0.01 vs. model group. OGTT, Oral glucose tolerance test; AUC, Area under the curve.
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in the model group compared with the naïve group, indi‑
cating dysfunctional lipid metabolism in this model (Fig. 3). 
Hesperidin treatment did not alter TG, TC or FFA levels 
compared with the model group, indicating that hesperidin 
had limited efficacy in improving lipid metabolism (Fig. 3).

Role of hesperidin on glucose regulating enzymes. In the liver, 
significant glucokinase activity, glucose‑6‑phosphatase and 
phosphoenolpyruvate carboxykinase were identified between 
the naïve group and the model group (Fig. 4). Hesperidin 
induced glucokinase activity, but decreased the activity of 
glucose‑6‑phosphatase and phosphoenolpyruvate carboxyki‑
nase compared with the model group (Fig. 4), which are vital 
hepatic glucose regulating enzymes involved in glycolysis and 
gluconeogenesis (28).

Hesperidin improves insulin sensitivity by activating the 
insulin receptor pathway. In the glucose uptake assay, a 
significant dose‑dependent effect was observed, in which 3, 
10, 30 and 100 µg/ml hesperidin increased insulin sensitivity 
by 11, 31, 54 and 61%, respectively, compared with the negative 
control (Fig. 5).

Western blot analysis was conducted to investigate the 
underlying molecular mechanism via which hesperidin regu‑
lated insulin sensitivity. The total expression levels of IR and 
PDK1 were not changed after hesperidin treatment, but the 
phosphorylation of these proteins was significantly increased 

Figure 3. Effect of hesperidin on TG, TC and FFA levels. At the end of the model establishment, blood samples were collected for determination of the serum 
levels of (A) TG, (B) TC and (C) FFA. Data are presented as the mean ± SD, n=8. ##P<0.01 vs. naïve group. TG, triglyceride; TC, total cholesterol; FFA, free 
fatty acid.

Figure 4. Effect of hesperidin on the activity of glucose regulating enzymes. Activities of (A) hepatic glucokinase, (B) glucose‑6‑phosphatase and (C) phos‑
phoenolpyruvate carboxykinase were analyzed using enzyme and substrate system, and data were recorded via a colorimetric method. Data are presented as 
the mean ± SD, n=8. ##P<0.01 vs. naïve group; **P<0.01 vs. model group; *P<0.05 vs. model group.

Figure 5. Effects of hesperidin on glucose uptake. Primary rat adipocytes 
were starved before glucose uptake was initiated with the addition of a 
cocktail containing 2‑deoxyglucose and 3H‑2‑deoxyglucose and allowed to 
incubate with test articles for 2 h. Data were measured and calculated by 
setting 0% as the effect of 1 nM insulin and 100% as the effect of 100 nM 
insulin. Differences between groups were analyzed using one‑way ANOVA 
with Tukey’s multiple comparison test. Data are presented as the mean ± SD, 
n=8. **P<0.01.
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by 89 and 51%, respectively (Fig. 6). Collectively, these find‑
ings suggested that hesperidin may improve insulin sensitivity 
by activating the IR/PDK1 pathway.

Discussion

Previous studies have reported antidiabetic effects of 
hesperidin in HFD  +  streptozocin rats, Goto‑Kakizaki 
rats and C57BL/KsJ‑db/db mice (19‑22). The present study 
established a diabetic rat model using HFD and alloxan, 
which represents a closer mimic of the pathogenesis 
of insulin resistance  (24). Moreover, this model is 
well‑established and recommended by the China Food 
and Drug Administration to evaluate the efficacies of 
TCM (29,30). Homeostatic model assessment (HOMA) is a 
widely reported method to quantify insulin resistance (31). 
The cut‑off values in the current study of HOMA‑insulin 
resistance may be utilized for identifying insulin resistance, 
indicating the clinical and epidemiological importance (32). 
In addition, according to the Experimental Methodology of 
Pharmacology (4th edition), rats with fasting blood glucose 
level of >16.7 mmol/l are considered as diabetic rats (33). 
The present study successfully induced insulin resistance 
in the model with an increased fasting blood glucose level 
(19.8 mmol/l) and HOMA‑insulin resistance (2.5) in the 
model group. It was identified that hesperidin treatment 
significantly improved fasting blood glucose and oral 
glucose tolerance, but had limited effects on TG, TC and 
FFA levels, suggesting its antidiabetic functionality was 
exerted exclusively by regulating glucose metabolism.

Hyperglycemia may be attributed to decreased hepatic 
glycogen synthesis and increased hepatic glucose production, 
which may be the result of decreased glucokinase activities and 
increased glucose‑6‑phosphatase and phosphoenolpyruvate 
carboxykinase activities in a diabetic state (34,35). Hepatic 
glucokinase can be the most sensitive indicator of the glycolytic 
pathway in diabetes and its increase can accelerate the utiliza‑
tion of blood glucose for glycogen storage in the liver (36). 
Glucose‑6‑phosphatase and phosphoenolpyruvate carboxyki‑
nase are two critical enzymes in the metabolic pathway of 
gluconeogenesis to release glucose by the liver (37‑39). In the 

current study, hesperidin induced glucokinase activity, while 
decreased the activities of glucose‑6‑phosphatase and phos‑
phoenolpyruvate carboxykinase in liver to maintain glucose 
homeostasis.

If not transported across the cell membrane for further 
utilization, blood glucose will undergo glycolysis or aerobic 
oxidation in the circulating system (40). A commonly used 
approach to treat diabetes is to enhance glucose uptake (41). 
Hesperidin and naringin are glycosides of hesperitin and 
naringenin, sharing similar f lavanone structures  (18). 
Dhanya et al  (42) observed a 2‑fold increase in the uptake 
of fluorescent labeled glucose after naringin treatment 
in differentiated L6 myoblast, while Zygmunt  et  al  (43) 
reported that naringenin stimulated glucose uptake in L6 
myotubes in a dose‑ and time‑dependent manner. The 
present study identified increased glucose uptake induced 
by 3‑100 µg/ml hesperidin in rat subcutaneous adipocytes. 
However, in contrast, Yang et al (44) revealed that hesperetin 
decreased IR‑phosphorylation and impaired glucose uptake 
in human breast cancer cells. Therefore, these flavanones and 
their glycosides may have complicated effects in different 
tissues or cells.

The IR signal pathway serves a key role in the regulation 
of glucose homeostasis (9,10). Molecular docking assays have 
been used to investigate the interaction between IR tyrosine 
kinase with individual flavonoids, and based on Autodock 
binding energies it was hypothesized that flavonones, such as 
hesperitin and naringenin, are potent activators of IR tyrosine 
kinase (45). However, there is lacking evidence from in vivo 
studies to support this hypothesis. The present study identi‑
fied significantly increased phosphorylation of IR in adipose 
tissues after hesperidin treatment, as well as the enhanced 
phosphorylation of PDK1, which is a critical kinase responsible 
to transduce the signal from IR to AKT (46). Therefore, these 
findings suggest that hesperidin may prevent hyperglycemia 
and diabetes by activating the IR/PDK1 pathway.

In conclusion, the present study demonstrated the potent 
preventive effect of hesperidin using a rat model of alloxan 
and HFD‑induced insulin resistance, as well as identified 
the underlying mechanism via which hesperidin alleviated 
hyperglycemia by activating the IR/PDK1 signaling pathway. 

Figure 6. IR/PDK1 involved mechanism in the protective effects of hesperidin. At the termination of animal study, fat tissues were collected for western blot 
analysis. GAPDH was used as the loading control. All expression data were normalized to GAPDH. (A) Representative blot. Statistical analysis of (B) IR and 
(C) PDK1 expression levels. Data are presented as the mean ± SD. Experiments were repeated ≥3 times. **P<0.01 vs. vehicle group. IR, insulin receptor; PDK1, 
phosphoinositide‑dependent kinase 1; p‑, phosphorylated.
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Considering the increasing diabetic population and the fewer 
side effects of natural products, hesperidin administration may 
be an effective strategy for preventing diabetes and alleviating 
hyperglycemia.
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