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decreased liver TBARS. EA stimulated glucose-stimulated 
insulin secretion from isolated islets and decreased glucose 
intolerance in diabetic rats.
Conclusion Ellagic acid in EO exerts anti-diabetic activ-
ity through the action on β-cells of pancreas that stimulates 
insulin secretion and decreases glucose intolerance.

Keywords Emblica officinalis · Non-obese type 2 
diabetes · β-Cell function · Antioxidant · Ellagic acid · 
Insulin secretion

Introduction

Diet and nutrition are part of our everyday life and play 
important roles in preventing, delaying or even treating 
many diseases including diabetes. Management of diabetes 
by dietary agents (DAs) or supplements is more applicable 
and practical due to safety and availability issues. Diabe-
tes often referred as a lifestyle disease, and changes and/or 
modification in lifestyle through DAs is one of the best and 
easiest approaches to combating the disease [1]. Indeed, 
DAs are being used more and more in the developing 
countries for the management of diabetes and many other 
diseases [2, 3]. In treating diabetes, lowering of the abnor-
mally high blood glucose level is the ultimate goal. There-
fore, treatments that reduce blood glucose level including 
insulinotropic effects of any treatment are ideal approaches 
for the management of this disease. Emblica officinalis 
(EO), belonging to the Euphorbiaceae family, is widely 
used in the ayurveda and is believed to be useful for many 
diseases including diabetes. The EO fruit is native to India 
and also grows in tropical and subtropical regions including 
Pakistan, Uzbekistan, Sri Lanka, South East Asia, China, 

Abstract 
Purpose The present study was undertaken to explore the 
possible anti-diabetic mechanism(s) of Emblica officinalis 
(EO) and its active constituent, ellagic acid (EA), in vitro 
and in vivo.
Method Neonatal streptozotocin-induced non-obese type 
2 diabetic rats were treated with a methanolic extract of EO 
(250 or 500 mg/kg) for 28 days, and blood glucose, serum 
insulin, and plasma antioxidant status were measured. Insu-
lin and glucagon immunostaining and morphometry were 
performed in pancreatic section, and liver TBARS and 
GSH levels were measured. Additionally, EA was tested for 
glucose-stimulated insulin secretion and glucose tolerance 
test.
Results Treatment with EO extract resulted in a signifi-
cant decrease in the fasting blood glucose in a dose- and 
time-dependent manner in the diabetic rats. It signifi-
cantly increased serum insulin in the diabetic rats in a 
dose-dependent manner. Insulin-to-glucose ratio was 
also increased by EO treatment. Immunostaining of pan-
creas showed that EO250 increased β-cell size, but EO500 
increased β-cells number in diabetic rats. EO significantly 
increased plasma total antioxidants and liver GSH and 
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Bangladesh, and Malaysia [4]. The EO fruit contains amino 
acids and minerals and is rich in vitamin C [5].

Studies have shown that the fruit of EO exerts anti-dia-
betic effects via their free radical scavenging and antioxidant 
properties [6]. Akhtar et al. [7] reported anti-hyperglycemic 
and lipid-lowering properties of EO fruit in normal as well 
as diabetic subjects. Tiwari et al. [8] demonstrated that EO 
attenuated diabetic condition as well as neuropathic pain 
through decreasing oxidative stress in experimental diabetic 
rats. Patel et al. [9] reported the effect of EO fruits on glucose 
homeostasis and metabolic parameters. It is reported that EO 
contains tannins which are well known for strong antioxidant 
activity and can improve glycemic status and oxidative stress 
in type 2 diabetic rats. These scientific articles also described 
the anti-diabetic property of EO [10, 11]. However, we note 
that antioxidants by themselves do not lower blood glucose 
level, and so, the precise cellular mechanism(s) of blood glu-
cose-lowering activity of EO, such as β-cell hypertrophy or 
hyperplasia, or other mechanisms are not yet clear.

EO extract is rich in emblicanin A, emblicanin B, gallic 
acid, ellagic acid (EA), and vitamin C [11]. Gallic acid is 
a potent antioxidant and used as a standard compound in 
radical scavenging experiments. EA, a derivative of gallic 
acid [12], is one of the predominant compounds present in 
EO, has antioxidant property and was studied for its anti-
diabetic potential [13]. Researches have pondered only 
over the anti-diabetic effect of EA, and plausible conclu-
sions are reported without a handle on the precise mecha-
nism of action [14, 15].

Type 2 diabetes is manifested in β-cell dysfunction and/
or insulin resistance. However, controversies exist regard-
ing pathophysiology of type 2 diabetes as it differs from 
Asians to Western [16–18]. Most of the Asian subjects 
are non-obese rather than obese as mostly seen in West-
ern population [19]. In the non-obese diabetic subjects, 
mostly found in Asia, β-cell dysfunction and insulin secre-
tion impairment are predominant [19, 20]. Therefore, a 
suitable model that mimics the pathophysiology of non-
obese type 2 diabetes is required to study the role of DAs 
and their active constituents to explore their anti-diabetic 
mechanism(s). Many animal models have been reported 
for type 2 diabetes; however, the neonatal streptozotocin-
induced type 2 diabetic rat model is considered to be one of 
the suitable experimental animal models of non-obese type 
2 diabetes for the study of β-cell dysfunction [21–23]. It is 
reported [21–23] and we also found in our previous stud-
ies that [24, 25] neonatal STZ model develops partial β-cell 
damage and insulin secretion impairment that is found in 
Asian non-obese type 2 diabetic subjects. For the manage-
ment of diabetes through DAs, we used this neonatal STZ 
non-obese rat model to address Asian diabetic type.

The present study was undertaken to explore the pos-
sible cellular mechanism(s) of the anti-diabetic activity of 

EO in a neonatal streptozotocin-induced non-obese type 2 
diabetic rat model. EO treatment to diabetic rats decreased 
blood glucose, increased serum insulin, and enhanced the 
antioxidant status. Additionally, EO modulated pancreatic 
β-cell size and number. EA, a major compound in EO, 
induced glucose-stimulated insulin secretion in vitro and 
decreased glucose intolerance in vivo.

Materials and methods

Materials

Streptozotocin (STZ), glibenclamide, tolbutamide, colla-
genase-V, bovine serum albumin (BSA), EDTA, hydroxy-
lated toluene, sodium lauryl sulfate, acetic acid, thiobarbi-
turic acid, butanol, meta phosphoric acid, and 5,5-dithiobis 
(2-nitrobenzoic acid) were obtained from Sigma (St. Louis, 
MO, USA). Rat and mouse ultra-sensitive insulin ELISA 
kits were from Crystal Chem Inc. (IL, USA), and the total 
antioxidant status kit was from Randox (Antrim, UK). 
Ellagic acid (>98 % pure) was purchased from Alfa Aesar 
(Karlsruhe, Germany). Insulin antibody (guinea pig anti-
insulin) was purchased from Abcam (Cambridge, UK), and 
glucagon antibody (mouse anti-glucagon) was from Sigma. 
The fluorescent-labeled secondary antibodies, Texas red-
donkey anti-guinea-pig IgG and Cy2-donkey anti-mouse 
IgG, were obtained from Jackson ImmunoResearch (Bal-
timore, PA, USA). 4′,6-Diamidino-2-phenylindole (DAPI) 
was obtained from Wako (Osaka, Japan).

Extract preparation

Emblica officinalis (2 kg) was purchased from the local 
market. Fruit authentication was carried out from Botany 
Department of Karachi University, Pakistan (Plant authen-
tication # 86468). The fruit pulp was separated and blended 
with aqueous (80 %) methanol. The extract was prepared 
according to standard procedure and used for experimental 
feeding. The extract was dissolved in water to make sus-
pension and given to experimental rats.

HPLC analysis of EO extract

Standardization of methanolic extract of EO was performed by 
RP-HPLC (Shimadzu LC 10A) system comprising Shimadzu 
binary pump LC (LC-10 ATvp) with degasser (DGU-14A), 
high-performance auto-sampler (SIL-10 ADvp) with Shi-
madzu column oven (CTO-10 ASvp), and UV detector (SPD 
10Avp). Data acquisition and integration were controlled by 
LC Solution software. A Phenonenex C-18(2) Luna 5 µ 100 A 
column (150 mm × 4.60 mm I.D., 5 µ) was used. The mobile 
phase was composed of mixture of 550 ml 0.2 % H3PO4: 
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250 ml methanol in 800 ml with isocratic mode of run. Flow 
rate was 1.2 ml/min throughout the analysis. The samples and 
standard were injected through an auto-sampler; the standard 
EA and methanolic extract of EO were injected 10 µl. Col-
umn oven temperature was maintained at 40 ◦C. The detec-
tion wavelength of UV was 254 nm. A solution of EA stand-
ard was prepared by weighing 2.8 mg in a 25-ml volumetric 
flask with 1 M NaOH in the concentration of 1 ml/5 ml, and 
volume was made up to 26 ml with mobile phase. The solu-
tion of methanolic extract of EO was prepared by dissolving 
10.9 mg in a 25-ml volumetric flask, and volume was made up 
to 26.5 ml with mobile phase. All samples were filtered with 
0.45 µm Millex-HN syringe-driven filter unit (Millipore, Bed-
ford, USA) and preserved at 4 °C prior to analysis.

Animals and development of non‑obese type 2 diabetic 
rats

Streptozotocin solution (90 mg/kg) prepared in citrate 
buffer was injected to pups for developing non-obese type 
2 model diabetic rats. After 12 weeks of STZ induction, 
an oral glucose tolerance test (OGTT) was performed. 
The rats that showed fasting blood glucose (FBG) levels 
between 7.6 and 11.0 mmol/l at 0 min and showed the max-
imum rise at 30 min after glucose load (12.7–22.2 mmol/l) 
were divided into four groups (6–8 rats per group). Group 
I, diabetic rats (Db); Group II, diabetic rats + EO 250 mg/
kg dose (EO250); Group III, diabetic rats + EO 500 mg/kg 
dose (EO500); Group IV, diabetic rats + 5 mg/kg glibencla-
mide (Gb). The oral doses of extract, Gb, and equivalent 
volume of water were given once a day for 28 days to dia-
betic rats and control rats, respectively. All animals were 
treated according to the guidelines for care and use of labo-
ratory animals with the approval of the Institutional Ethics 
Committee of the ICCBS, University of Karachi, Pakistan.

Collection of blood and tissue for biochemical 
parameters and immunohistochemistry 
and morphometry

Rats were killed after 28 days of treatment; serum was col-
lected from venous blood, aliquoted and kept at −80 °C 
for biochemical assays. After collection of blood samples, 
liver was processed for homogenization, and pancreata were 
processed for immunohistochemistry. Serum insulin was 
measured using rat ELISA kit, and total antioxidant status, 
serum creatinine, ALT and AST were measured as described 
previously [25]. TBARS and GSH from liver homogenate 
were measured spectrophotometrically by using the method 
described by Noyan et al. [26] and Ohkawa et al. [27] for 
TBARS estimation and Chandra et al. [28] for GSH. Insulin 
and glucagon immunostaining and morphometry were per-
formed as described previously [24, 25].

Oral glucose tolerance test with EA in diabetic rats

Type 2 diabetic rats (n = 30) were divided into five groups 
(6 rats each group). Group I received only distilled water 
(Db); Group II received 5 mg/kg glibenclamide (GB); 
Group III received EA at a dose of 25 mg/kg (EA-25); 
Group IV received EA at a dose of 50 mg/kg (EA-50); 
Group V received EA at a dose of 100 mg/kg (EA-100). 
EA was given orally in 1 ml of water suspension to the dia-
betic rats.

All diabetic rats were fasted overnight (14-h) prior to 
OGTT. Sixty minutes following EA administration, 3 g/
kg glucose load was given orally to each rat. Blood glu-
cose levels of all rats were measured at -60, 0, 45, 60, and 
120 min after feeding.

Isolation of islets from mouse and insulin secretion 
assay

Isolation of islets and insulin secretion assay was per-
formed as described previously [29, 30]. In brief, batches 
of islets (n = 5) were incubated for 60 min in KRB buffer 
solution with 3 mmol/l (basal) or 16.7 mmol/l (stimulatory) 
glucose supplemented with EA in different concentrations. 
After incubation, 100 μl aliquots were taken from each 
tube and insulin secretion was measured by mouse insulin 
ELISA kit. Insulin concentrations were normalized for the 
number of islets.

Toxicity evaluation

The acute toxicity of EO extract (if any) was tested in 
rats by oral administration of EO extract at different 
doses (0.5, 1.0, 1.5, and 2.0 g/kg body weight) to differ-
ent groups of Wistar rats (n = 3) of either sex as a sin-
gle treatment. Following extract administration, animals’ 
mortality and general behaviors were observed for 72 h, 
intermittently. No mortality was found up to a dose of 
2.0 g/kg body weight (data not shown). After 28 days of 
extract treatment serum creatinine, ALT and AST were 
also assayed to check the toxicity to kidney and liver, 
respectively. EA was evaluated for its cytotoxicity in pan-
creatic MIN6 cells, and no toxic effects were observed 
(IC50 > 200 μmol).

Statistical analysis

SPSS 19.0 for Windows (SPSS, Inc., Chicago, IL, USA) 
was used to perform statistical analyses. Values were 
expressed as mean ± standard error. The significance of the 
differences among the mean values was calculated using 
one-way ANOVA and repeated ANOVA as appropriate. 
p < 0.05 was considered statistically significant.
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Results

Standardization of methanolic extract of E. officinalis

First we standardized the methanolic extract of EO by 
RP-HPLC using EA as a standard. Figure 1 shows chro-
matograms of EO extract. EO extract showed the pres-
ence of several peaks eluted at various retention times of 
4.3, 5.1, 6.2, 8.1, 10.5, 12.3, and 13.6 min. The peak of EA 
appeared as a major peak at retention time of 13.6 min in 
the EO chromatogram. The amount of EA present in EO 
extract was ~1.3 % (w/w).

Emblica officinalis extract lowers fasting blood glucose 
in non‑obese type 2 diabetic rats

We analyzed the effect of EO supplementation on FBG 
in model diabetic rats (Table 1). In diabetic rats, FBG 
was increased moderately after 3 months of STZ induc-
tion when compared to control rats (8.3 ± 0.22 vs. 
4.2 ± 0.23 mmol/l). Very little changes in FBG were 
observed in control or untreated diabetic rats during the 
study periods (1–29 days). Interestingly, EO extract treat-
ment resulted in a significant decrease in the FBG in dose- 
and time-dependent manner. At 250 mg/kg dose, the blood 
glucose level was significantly (p < 0.001) decreased 

when compared to untreated diabetic rats at the end of the 
experiment on day 29 (6.5 ± 0.17 vs. 9.2 ± 0.30 mmol/l). 
At the 500 mg/kg dose, blood glucose level decreased 
even more efficiently compared to the 250 mg/kg dose. 
This 500 mg/kg dose significantly (p < 0.001) decreased 
FBG levels compared with untreated diabetic rats 
(5.4 ± 0.16 vs. 9.2 ± 0.30 mmol/l). After treatment with 
Gb, blood glucose level was 5.5 ± 0.31 mmol/l on day 
29. Therefore, EO extract showed dose-dependent anti-
diabetic activity in the non-obese type 2 diabetic rats, and 
the 500 mg/kg dose was found to be comparable to the 
standard drug Gb.

When we compared the values of the blood glucose 
of EO-treated rats with their initial values (day 1), we 
found that both the doses of EO extract resulted in sig-
nificant decrease in the FBG in a time-dependent man-
ner. The blood glucose of EO250 rats significantly 
(p < 0.01) decreased on day 15 (7.7 ± 0.11 mmol/l) as 
well as on day 29 (6.5 ± 0.17 mmol/l) with respect to 
their value of day 1 (8.5 ± 0.21 mmol/l). The blood glu-
cose of EO500 rats also significantly (p < 0.001) decreased 
on day 15 (6.50 ± 0.22 mmol/l) as well as on day 29 
(5.4 ± 0.16 mmol/l) with respect to their value on day 1 
(8.3 ± 0.22 mmol/l). Treatment with Gb also significantly 
(p < 0.001) lowered blood glucose level in a time-depend-
ent manner.

Fig. 1  HPLC chromatograms 
of E. officinalis extract (a) and 
standard ellagic acid (b) at 
retention time 16.65 ± 0.03 min
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Emblica officinalis extract increases fasting serum 
insulin and β‑cell function in type 2 diabetic rats

We analyzed the effect of EO supplementation on serum 
insulin in model diabetic rats and found that serum insu-
lin decreased significantly (p < 0.001) in diabetic rats 
as compared to non-diabetic control (41.2 ± 6.8 pmol/l 
v. 132.4 ± 13.7 pmol/l, Table 1). A significant (p < 0.05) 
increase in serum insulin (61.9 ± 8.6 pmol/l) was found in 
diabetic rats when they were treated with EO250 extract for 
29 days. EO500 showed more significant (p < 0.01) increase 
in serum insulin (89.4 ± 8.6 pmol/l) which was comparable 
to Gb (91.1 ± 12.7 pmol/l).

Insulin-to-glucose ratio, an index of β-cell function 
[31], was dramatically decreased (p < 0.001) in non-
obese diabetic rats compared with control (4.4 ± 1.2 
vs. 30.1 ± 2.7 pmol/mmol, Table 1). However, EO treat-
ment increased insulin-to-glucose ratio in a dose-depend-
ent manner. Insulin-to-glucose ratio was increased to 
(9.1 ± 1.2 pmol/mmol, p < 0.05) and (16.4 ± 1.8 pmol/
mmol, p < 0.01) in EO250- and EO500-treated rats, respec-
tively. The increased insulin-to-glucose ratio caused by EO 
might be due to its modulation of pancreatic β-cells.

Emblica officinalis modulates pancreatic β‑cells in type 
2 diabetic rats

We performed immunohistochemistry in order to analyze 
the effects of EO administration on β-cell morphology 
and morphometry. In the control rats, α- and β-cells were 
evenly distributed throughout the islets; β-cells were abun-
dant and mostly in the core of islets, whereas α-cells were 
found around the periphery of β-cells (Fig. 2a). In diabetic 
rats, both qualitative and quantitative deterioration of pan-
creatic β-cells was observed (Fig. 2b). β-cells were reduced 
to about one-fourth in the diabetic rats compared with the 

control. In EO250-treated rats a marginal increase in β-cell 
area was observed (Fig. 2c). However, in the EO500-treated 
rats, β-cell area was increased to almost double as com-
pared to the untreated diabetic β-cell area (Fig. 2d). More-
over, the distribution patterns of α- and β-cells were very 
similar to that of the control. As expected, the Gb-treated 
rats also showed increased total β-cell area and number 
(Fig. 2e). The distribution pattern of α-cells in diabetic rats 
was mostly similar to that of control (Fig. 2a, b); however, 
in some cases α-cells were also seen scattered within the 
center of the islets (data not shown). Interestingly, there 
was a relative increase in the number of α-cells relatively 
increased in the diabetic rats. The EO extract had no effect 
on the distribution of α-cells in the diabetic rats (Fig. 2c, d).

With high-resolution immunohistochemistry, we observed 
widely dispersed, bright and distinctly granulated insulin 
granules inside the control non-diabetic β-cells (Fig. 3a). In 
the diabetic rats, however, the distinction and brightness of 
the insulin granules were markedly reduced and the β-cells 
appeared cloudy (Fig. 3b). In the EO250 group, insulin 
granulation was more distinct and brighter than that of dia-
betic β-cells but still less than that of control non-diabetic 
β-cells (Fig. 3c). In the EO500 group, insulin granules were 
even more distinct and brighter than the EO250 group and 
appeared almost similar to that of the control non-diabetic 
β-cells (Fig. 3d). Similar distinct and bright insulin granules 
were also seen in the case of Gb-treated β-cells (Fig. 3e).

Morphometric studies showed that in control rats the total 
β-cells area per islet was 19,506 ± 1634 µm2, whereas in dia-
betic rats it was decreased (6522 ± 712 µm2) significantly 
(p < 0.001, Fig. 4a). The β-cells area was 8485 ± 469 µm2 
and 10,525 ± 989 µm2 in EO250- and EO500-treated rats, 
respectively. In control rats, the number of β-cells per islet 
was 103.5 ± 9.2 (Fig. 4b). However, their number decreased 
significantly (p < 0.001) in the diabetic rats (29.9 ± 4.0). 
As compared to the diabetic rats, there was a significant 

Table 1  Effect of EO extract on glycemic and insulinemic status of experimental rats

Results expressed as mean ± SEM (n = 8-11)

Con age-matched non-diabetic control, Db untreated diabetic, EO250 EO500, diabetic rats treated with 250, 500 mg/kg E. officinalis extract, 
respectively, Gb glibenclamide
a p < 0.05; b p < 0.01; c p < 0.001 versus Db (within rows; one-way ANOVA with Dunnett’s test)
α Versus day 1; β versus day 15 (p < 0.01, repeated ANOVA with post hoc Bonferroni test)

Group Fasting blood glucose (mmol/L) Serum insulin (pmol/L) Insulin-to-glucose ratio (pmol/mmol)

Day 1 Day 15 Day 29 Day 29 Day 29

Con 4.2 ± 0.23c 4.5 ± 0.19c 4.3 ± 0.21c 132.4 ± 13.7c 30.1 ± 2.7c

Db 8.3 ± 0.22 8.7 ± 0.24 9.2 ± 0.30 41.2 ± 6.8 4.4 ± 1.2

EO250 8.5 ± 0.21 7.7 ± 0.11bα 6.5 ± 0.17cαβ 61.9 ± 8.6a 9.1 ± 1.2a

EO500 8.3 ± 0.22 6.5 ± 0.22cα 5.4 ± 0.16cαβ 89.4 ± 8.6b 16.4 ± 1.8b

Gb 8.2 ± 0.35 6.2 ± 0.48c 5.5 ± 0.31cαβ 91.1 ± 12.7b 16.5 ± 2.7b
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(p < 0.05) increase in the number of β-cell in the EO500-
treated rats (49.2 ± 5.8), but not in the EO250-treated rats 
(37.3 ± 4.1) (Fig. 4b). Although β-cells area and number 
were decreased significantly in the untreated diabetic rats, 
very interestingly the individual β-cells size was increased 
significantly (p < 0.05) in the diabetic rats (290.2 ± 29.1 µm2) 
compared with control rats (199.3 ± 15.7 µm2, Fig. 4c). 
This data suggest that hypertrophy of β-cells may occur in 
this non-obese type 2 diabetic rat model as a compensatory 
mechanism. The individual β-cell size was also increased sig-
nificantly (p < 0.05) in EO250-treated rats (265.3 ± 14.7 µm2) 
compared with control rats (199.3 ± 15.7 µm2). There was no 

significant change of individual β-cell size in the EO500- or 
Gb-treated rats. These immunohistochemical and morpho-
metric analyses suggest that EO may modulate β-cell mor-
phology in non-obese diabetic rats by qualitative and quanti-
tative improvement of pancreatic β-cells.

Emblica officinalis extract increased plasma antioxidant 
status and liver GSH level and decreased liver TBARS 
level in the type 2 diabetic rats

In vitro DPPH assay showed 77 % radical scavenging activ-
ity of the EO extract (data not shown). In diabetic rats, 

Fig. 2  Immunohistochemical 
analysis of insulin (red) and 
glucagon (green) in pancreatic 
islets in control (a), untreated 
diabetic (b), EO250-treated 
(c), EO500-treated (d), and 
Gb-treated rats (e). Nuclei are 
counter-stained with DAPI 
(blue). Magnification ×20
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plasma total antioxidant (0.99 ± 0.04 mmol/l) was decreased 
significantly (p < 0.01) when compared to control rats 
(1.79 ± 0.15 mmol/l, Table 2). Only a moderate increment 
was found with EO250-treated rats (1.42 ± 0.08 mmol/l); 
however, more significant increment (p < 0.001) was found 
with EO500-treated rats (1.89 ± 0.10 mmol/l). These data 
suggest that EO can enhance antioxidant status in non-obese 
type 2 diabetic rats.

Among the antioxidant markers, GSH and TBARS 
levels from the liver tissue was determined. GSH levels 
were decreased significantly (p < 0.001) in diabetic rats 
compared to control rats (60.6 ± 2.9 vs. 100.0 ± 7.1 %). 
EO250-treated rats showed moderately increased GSH lev-
els (70.7 ± 5.8 %), whereas significant (p < 0.001) increase 
was found with EO500-treated rats (81.4 ± 8.8 %). These 

data suggest that EO can increase antioxidant defense sta-
tus in type 2 diabetic rats.

Liver TBARS levels were increased significantly 
(p < 0.01) in diabetic rats (310.2 ± 21.2 %) compared 
with control rats (100.0 ± 5.1 %, Table 2). A moderate 
decrease was found in EO250-treated rats (242.5 ± 17.9 %); 
however, more decrease was found in EO500-treated rats 
(225.7 ± 14.1 mmol/l). These data suggest that EO can 
decrease lipid peroxidation in type 2 diabetic rats.

EA decreases glucose intolerance in non‑obese type 2 
diabetic rats

EA was found as a major compound present in EO extract. 
Therefore, we performed OGTT with EA in non-obese type 

Fig. 3  High-resolution fluores-
cence micrographs of insulin 
(red) on pancreatic islets in 
control (a), untreated diabetic 
(b), EO250-treated (c), EO500-
treated (d), and Gb-treated rats 
(e). Nuclei are counter-stained 
with DAPI (pseudocolored 
green for better visualization). 
Magnification ×90
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2 diabetic rats. OGTT revealed that blood glucose attained 
peak level at 45 min after glucose load in all rats (Fig. 5). 
EA, at 25 mg/kg dose, had little to no effects on glucose 
tolerance. Interestingly, 50 and 100 mg/kg doses of EA 
decreased glucose intolerance significantly (p < 0.05) at 
45 min as compared to the vehicle. A maximum decrease 
of 23.2 % was observed with 100 mg/kg of EA at 45 min 
which is similar to that of standard drug Gb.

EA stimulates glucose‑induced insulin secretion 
in isolated islets

The insulin secretion activity of EA was assessed on iso-
lated mice islets. At basal glucose (3 mmol/l), EA with 
50–200 μmol/l concentrations had little to no effects 
on insulin secretion (Table 3). At stimulatory glucose 

Fig. 4  Morphometric analysis 
of β-cell area (a); β-cell number 
(b); and β-cell size (c) in pan-
creatic islets of the experimental 
rats. All values are expressed as 
mean ± SEM. Results represent 
the average from 6 to 8 rats with 
an average of 60–100 fields 
per rat. Bars that do not share a 
common notation are signifi-
cantly different at p < 0.05
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Table 2  Effect of EO extract on total antioxidant status, TBARS, and 
GSH of experimental rats

All values are expressed as mean ± SEM (n = 8–11). A TBARS and 
GSH value of normal control rat was taken as 100 %

Con age-matched non-diabetic control, Db untreated diabetic; EO250 
EO500, diabetic rats treated with 250, 500 mg/kg E. officinalis extract, 
respectively, Gb glibenclamide

*  p < 0.01; ** p < 0.001 versus Db. (within rows; one-way ANOVA 
with Dunnett’s test)

Plasma Liver

TAS (mmol/L) TBARS (%) GSH (%)

Con 1.79 ± 0.15** 100.0 ± 5.1** 100.0 ± 7.1**

Db 0.99 ± 0.04 310.2 ± 21.2 60.6 ± 2.9

EO250 1.42 ± 0.08* 242.5 ± 17.9* 70.7 ± 5.8*

EO500 1.89 ± 0.10** 225.7 ± 14.1* 81.4 ± 8.8**

Gb 1.38 ± 0.05** 260.4 ± 21.8* 82.8 ± 8.8**
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Fig. 5  Effect of ellagic acid on glucose tolerance in type 2 diabetic 
rats. All values are expressed as mean ± SEM (n = 6). * p < 0.05 
versus Db. Con age-matched non-diabetic control, Db diabetic; EA-
25 EA-50, and EA-100 diabetic rats treated with 25, 50, and 100 mg/
kg of ellagic acid, respectively, Gb glibenclamide



599Eur J Nutr (2017) 56:591–601 

1 3

(16.7 mmol/l), 50 μmol/l EA slightly enhanced insulin 
secretion which was not to the level of significance. Inter-
estingly, 100 μmol/l EA significantly (p < 0.01) increased 
insulin secretion (5.78 ± 0.56 ng/islet/hour) compared 
with insulin secretion by 16.7 mmol/l glucose alone 
(2.08 ± 0.08 ng/islet/hour). No further significant change 
was observed above the 100 μmol/l dose of EA.

Discussion

Inappropriate and/or disproportionate food intake is related 
to metabolic disorders such as diabetes, where carbohy-
drate, protein, and fat metabolism become impaired. Lack 
of vitamins and minerals intake also exaggerates diabetes. 
Accumulating evidences of clinical trials demonstrate the 
effectiveness of diet and lifestyle modification for the man-
agement of type 2 diabetes [1]. EO is rich in vitamin C and 
polyphenolic compounds and is being taken as a fruit in 
many parts of the world and may be a suitable candidate as 
DAs for the management of type 2 diabetes.

Our neonatal STZ-induced diabetic rats developed mild 
hyperglycemia and moderate hypoinsulinemia (Table 1) 
being similar in features resembling non-obese type 2 dia-
betes in Asian subjects [19]. It is increasingly recognized 
that type 2 diabetes in Asian patients has a different pat-
tern to non-Asian patients [19, 20] which is substantially 
impaired β-cell function and insulin secretion deficiency. 
‘Asian Diabetes’ term has been coined in ‘Kyoto Declara-
tion’ which states that diabetes in Asia is mostly non-obese 
type with a dysfunction of insulin secretion [19]. The 
rationale for neonatal STZ-induced non-obese type 2 dia-
betic rat model is that DAs can only be effective in type 2 
diabetes where pancreatic β-cells have been partially dam-
aged and mild to moderate hypoinsulinemia exist.

In EO-treated diabetic rats, blood glucose decreased sig-
nificantly in a dose- and time-dependent manner (Table 1). 
The effects of EO500 dose were comparable with that of 
the standard drug, Gb. Therefore, it may be inferred that 
EO500 dose is working by increasing insulin secretion 
from pancreatic β-cells. These hypotheses were tested 
experimentally.

Serum insulin level was decreased significantly in the 
diabetic rats (Table 1). The decreased insulin levels may 
be due to the impairment of β-cell function as decreased 
β-cell function (Table 1) was found in our diabetic model 
rats. Interestingly, EO treatment significantly increased the 
serum insulin level as well as β-cell function (Table 1). The 
increase in serum insulin levels may be related to the up-
regulation of insulin synthesis or enhanced insulin secre-
tion from pancreatic β-cells. In vitro insulin secretory assay 
showed that EA has insulin secretory activity (Table 3), 
suggesting that increased serum insulin levels are most 
probably due to insulin secretion from pancreatic β-cells.

Immunohistochemical data from diabetic rats suggest 
that EO increased both number and size of the pancreatic 
β-cells (Figs. 2, 3, 4). In EO250-treated rats β-cells hypertro-
phy (Figs. 2c, 4c) may be due to the compensatory mecha-
nism for increased insulin demand and/or existing β-cell 
maturation. In EO500-treated rats, hyperplasia of β-cell was 
found (Figs. 2d, 4b) which may be due to β-cell regenera-
tion, neogenesis, or decreased apoptosis. The results dem-
onstrated that two different doses of EO work by two dif-
ferent mechanisms, i.e., EO250 by increasing the β-cell size 
and EO500 by increasing the β-cell number. The reason for 
the discrepancies between these two doses will need to be 
studied further in the future.

In diabetic rats, decreased insulin granules inside β-cell 
reflect lowered intracellular glucose (Fig. 3). Though in dia-
betic rats high blood glucose (extracellular) was observed, 
less glucose is actually available inside the cells result-
ing in decreased ratio of intracellular-to-extracellular glu-
cose which inhibits insulin release. The treatment with EO 
extract showed increased insulin granules which may be 
due to increased ratio of intracellular-to-extracellular glu-
cose. These findings correlate well with our serum (extra-
cellular) insulin-to-glucose ratio data (Table 1; Fig. 3).

Diabetes is also associated with free radical formation 
[32]. Free radicals can lead to hyperglycemia, increased 
tissue peroxidation, and inadequate antioxidant defense 
mechanism [33]. Knowing the importance of free radi-
cal scavenging, the antioxidant potential of EO involved 
in its anti-diabetic effect was further investigated. Using 
an in vitro DPPH radical scavenging assay, we found 
77 % radical scavenging activity (data not shown) with EO 
extract. In diabetic rats, plasma total antioxidant status was 
enhanced after EO treatment. EO is well known for its rich 
polyphenolic compounds which may be responsible for its 

Table 3  Effect of ellagic acid on insulin secretion from isolated mice 
islets

All values are expressed as mean ± SEM from 3 to 4 independent 
experiments

TB insulin secretion by tolbutamide at 200 μmol

** p < 0.01 versus insulin secretion either by 3 mM or 16.7 mM glu-
cose only (none), EA-50, EA-100, and EA-200, insulin secretion by 
ellagic acid at 50, 100, and 200 μmol, respectively

Insulin secretion (ng/islet/h)

3 mM glucose 16.7 mM glucose

None 0.88 ± 0.09 2.08 ± 0.08

EA-50 0.94 ± 0.21 3.19 ± 0.31

EA-100 1.42 ± 0.08 5.78 ± 0.56**

EA-200 1.44 ± 0.09 6.28 ± 0.53**

TB 3.99 ± 0.19** 8.21 ± 0.51**



600 Eur J Nutr (2017) 56:591–601

1 3

antioxidant activity. The enhanced antioxidant status offered 
by EO in the diabetic rats may be providing additional anti-
oxidant defense for the β-cells or protecting from oxidative 
damage and apoptosis to the β-cells which ultimately will 
help in β-cell’s functional improvement. In diabetes, lipid 
peroxidation increases that result in the loss of cell mem-
brane integrity, resulting in impairment of function. GSH is 
one of the players of body defense function. Loss of GSH 
levels in diabetes makes the body susceptible to be damaged 
and distorted by the free radicals that are formed in the body 
which eventually raised in the diseased state.

Our methanolic extract of EO HPLC profiling (Fig. 1) 
revealed that EA is one of the major components of the EO 
extract. Luo et al. [34] also found similar results. EA (the 
dilactone of hexahydroxydiphenic acid) is phenol in nature, 
and its phenolic nature enabled it to be eluted in methanol 
phase like other phenols and flavonoids [35–38]. Other 
flavonoids, phenols, and tannins like emblicanins, vitamin 
C are yet in small fractions (Fig. 1) that are present in the 
methanolic extract of EO may contribute to improve the 
activity of this extract. Thus EO extract containing EA and 
other phenols and flavonoids may be synergistically acting 
as antioxidant and exerting its protective effects on pan-
creas. Further studies are needed to test this hypothesis.

In this study, elevation in glucose tolerance by EA was 
found which suggests that EA probably works by stimulat-
ing insulin secretion from pancreatic β-cells. In our in vitro 
insulin secretory assay, we found that EA-stimulated insu-
lin secretion from isolated mice islets is in good agreement 
with our in vivo glucose tolerance data. EA significantly 
stimulated insulin secretion from isolated mice islets, sug-
gesting a possible blood glucose-lowering mechanism. 
In in vitro DPPH radical scavenging assay, EA showed 
92.0 % radical scavenging activity comparable to radical 
scavenging activity by gallic acid (93.1 %, data not shown). 
This strong antioxidant activity of EA may be effective in 
preventing or delaying diabetes by providing antioxidant 
defense to the pancreatic β-cells, as β-cells are especially 
vulnerable to oxidative stress.

In the above context, it can be said that EA present in EO 
exerts anti-diabetic activity through the action on β-cells of 
pancreas resulting in an increase in β-cell size and number, 
increasing antioxidant status, decreasing blood glucose, 
increasing serum insulin, and β-cell morphology and mor-
phometry. Its low cost, availability, affordability, and safety 
profile make it a relatively low-risk alternative to traditional 
glucose-lowering medication and a strong candidate for 
diabetic drug research.
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