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Antioxidants are one of the effective treatment lines in managing type 2 diabetes (typ2diab) and its com-
plications. Nanoformulations could help in ameliorating the oral bioavailability and biocompatibility
properties. Ellagic acid (Ella) is a natural antioxidant compound commonly present in fruits. This study
examined the effect Ella nanoparticles (Ella NPs) alone and combined with metformin, the standard
antidiabetic drug, on controlling blood glucose in typ2diab. Forty-eight adult Sprague-Dawley rats were
used in this study. Except for the control group that was fed a regular pellet diet, all animals were fed a
high-fat diet (HFD) for 9 weeks. For the last 4 weeks, rats were injected with streptozotocin (35 mg/kg).
Then the rats were randomized into 8 groups: control, HFD, diabetic, Ella, Ella + metformin, Ella NPs, and
Ella NPs + metformin. Data showed that Ella NPs improved blood glucose levels and the body weights of
diabetic rats throughout all the weeks of the experiment whereas effects of the regular Ella were limited
to the last two weeks of the treatment. Additionally, data demonstrated that the antidiabetic action of
Ella NPs and its effective duration were similar to metformin. Ella NPs led to a lowering effect on lipid
profile markers (total cholesterol (TC), triglyceride (TG), low-density lipoprotein (LDL), and very-low-
density lipoprotein (VLDL)), superior to the regular Ella, which reduced only TG and VLDL. Results of
the pathological examination showed improved number and activity of beta islets in all treatment
groups. The most enhanced islets were in the Ella NPs and metformin group. The different treatments
decreased caspase 3 and increased insulin gene expression, and the effect was superior in the Ella NPs
and metformin group. The results of this study confirmed that Ella could manage typ2diab by lowering
glucose and lipid levels and improving body weight with the superiority of Ella NPs. The mechanisms
behind these effects are inhibition of beta-cell apoptosis and stimulation of insulin production.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Type 2 diabetes (typ2diab) is the most common metabolic dis-
ease whose primary cause is obesity-linked insulin resistance. Obe-
sity, mental stress, infection, and/or genetic predisposition might
contribute to the pathogenesis of typ2diab by increasing insulin
resistance or impairing insulin secretion (Tilg et al., 2009). Diabetes
is rapidly rising all over the world at a high rate (Huizinga and
Rothman, 2006). The global spread of diabetes mellitus has been
estimated to be 171 million people and is projected to more than
double to 366 million people by 2030 (Wild et al., 2004). In the
Arab world, the countries with the highest prevalence of typ2diab
are: Saudi Arabia, Oman, Kuwait, Bahrain, and UAE; this prevalence
was significantly associated with high Gross Domestic Product
(GDP) and energy consumption (Meo et al., 2017). There are many
oral antidiabetic drugs used to control typ2diab. However, most of
them have little efficacy and many unwanted side effects
(Karagiannis et al., 2012). Therefore, the development of antidia-
betic drugs with low toxicity and high efficacy along with cost
effectiveness is still needed.

Naturally occurring biologically active compounds found in
plants are non-toxic and inexpensive. Therefore, they are widely
used to prevent morbidity and mortality from chronic diseases
(Gaziano et al., 2007). In recent years, natural antioxidants have
acquired increasing attention over synthetic ones in the protection
against typ2diab because of their proven benefits, low toxicity, and
ease of access through natural diets and dietary supplements
(Montonen et al., 2004). Ellagic acid (2,3,7,8-tetrahydroxy-
chromeno [5,4,3-cde] chromene-5, 10-dione) (Ella) is a natural
compound classified as polyphenolic and is mainly present in fruits
like grapes, pomegranates, blackcurrants, raspberries, and in nuts
(Rozentsvit et al., 2017). Owing to its antiproliferative activity in
certain tumors and its antioxidant and anti-inflammatory effects,
Ella has been extensively investigated. An increasing body of evi-
dence indicates that the intake of Ella is effective in alleviating obe-
sity and improving metabolic complications caused by obesity,
such as insulin resistance and typ2diab (Rozentsvit et al., 2017).
Bala et al. (2006) developed a nanoparticulate formulation for
sustained-release with antioxidant Ella as a possible prophylaxis
when administered orally (Bala et al., 2006). Such Ella-loaded
nanoparticles demonstrated a more efficient free radical scaveng-
ing efficacy in a yeast cell culture model and a cell-free system.

The present study examined the effect Ella nanoparticles (Ella
NPs) alone and combined with metformin, the standard antidia-
betic drug, on controlling blood glucose in a typ2diab model
induced in rats.
2. Materials and methods

2.1. Chemicals

Streptozotocin (STZ) was obtained from Sigma Chemicals Co.
(St. Louis, MO, USA). Glucophage tablets and 500 mg metformin
(Merck, Santa, France) were used. Ella NPs were formulated and
characterized as recently published (El-Shitany et al., 2019).
2.2. Animals

Thirty-six adult Sprague-Dawley rats weighing 180–200 g were
used. The animals were kept in cages at ambient temperature at
25 ± 5 �C under a typical half-light and half-dark cycle. They were
allowed ad libitum access to food and water with a one week per-
iod for acclimatization. Ethical approval from the Ethical Review
Committee of King Abdulaziz University was received and all ani-
mals were treated according to the Declaration of Helsinki with the
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care guidelines of using experimental animals in line with the NIH
protocol (Touitou et al., 2004).
2.3. Induction of typ2diab

The control group was fed the regular pellet diet, and all other
rats were put on a high-fat diet (HFD) for 9 weeks. The composition
of the HFD was 58% fat, 25% protein, and 17% carbohydrate, as a
percentage of total kcal. At 4 weeks after the start of the experi-
ment, intraperitoneal injection (i.p.) of one dose of STZ (35 mg/
kg) in 0.01 M cold citrate buffer (pH 4.5) was administered. Ani-
mals that served as control were injected with only the vehicle
(0.01 M citrate buffer, pH 4.5). At 24 h, the glucose levels were
measured, and diabetes was confirmed when the glucose level
was more than 220 mg/dl. The weight of diabetic rats was recorded
and then they were randomly divided into 6 groups, 6 rats per
group (Guo et al., 2018).
2.4. Experimental design

All diabetic rats were treated with the indicated doses every day
for 9 weeks. Group 1 (Control): The non-fatty non-diabetic group
was i.p. injected with 0.9% saline solutions. Group 2 (HFD): Fatty
non-diabetic group was i.p. injected with 0.9% saline solution.
Group 3 (Diabetic): Fatty and diabetic group. Group 4 (Metformin):
Diabetic rats were i.p. injected with metformin 300 mg/kg
(Katakam et al., 2000). Group 5 (Ella): Diabetic rats were i.p.
injected with Ella 10 mg/kg (Amin and Arbid, 2017). Group 6 (Ella
NPs): Diabetic rats were i.p. injected with Ella NPs 10 mg/kg. Group
7 (Ella + Metformin): Diabetic rats were i.p. injected with a combi-
nation of Ella 10 mg/kg and metformin 300 mg/kg. Group 8 (Ella
NPs + Metformin): Diabetic rats were i.p. injected with a combina-
tion of Ella NPs 10 mg/kg and metformin 300 mg/kg.
2.5. Assessment of body weight gain and blood glucose level

The rats’ body weight and blood sugar levels were assessed
weekly for 9 weeks. Body weight gain was calculated for each
group. Blood glucose was tested using Ames Ames glucometer
GX (Miles Inc., Indiana, USA). Briefly, the tail was inserted into a
water bath (45 �C) and around 1 ml of its end was cut to produce
blood, and one drop of the blood was used to determine the blood
glucose level.
2.6. Samples collection

At the end of the experimental period, rats were euthanized
using deep ether anesthesia and blood was collected from retro-
orbital venous plexus into EDTA-tubes. The blood was centrifuged
at 3,000 xg for 20 min using a benchtop centrifuge (Anke TGL-16B)
to recover the plasma. The pancreas samples were extracted,
washed with 0.9% saline solution, and preserved in a 10% neutral
solution of formalin for the histopathological and immunohisto-
chemical examinations.
2.7. Assessment of plasma lipid profile

Triglycerides (TG), low-density lipoprotein (LDL) cholesterol,
high-density lipoprotein (HDL) cholesterol, total cholesterol (TC),
and very-low-density lipoprotein (VLDL) cholesterol levels were
measured in the plasma using Triglyceride Quantification Colori-
metric Kit (Biovision, Inc., Milpitas, CA) and HDL and LDL/VLDL
Cholesterol Assay Kit (Cat # STA-391, Cell Biolabs, Inc., USA).
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2.8. Assessment of pancreatic histopathological alteration

The formalin-preserved pancreases were stained with hema-
toxylin and eosin (H & E) and looked over microscopically for
any histopathological variations.

2.9. Immunohistochemical assessment of pancreatic insulin and
caspase-3

The immunoperoxidase (PAP, peroxidase/anti peroxidase) reac-
tion was performed using the insulin and caspase-3 antibodies of
Lab Vision (Thermo Scientific, Fremont, CA, USA, catalog no.
RB1197R7). The slides were then examined under the light micro-
scope and photographed in a blinded manner by a pathologist.

2.10. Statistical analysis

All data are presented as average ± standard deviation (SD). Sta-
tistical software SPSS 22.0 (IBM, Yorktown Heights, NY, USA) was
utilized for data entry. Statistical analyses were performed using
a one-way analysis of variance (ANOVA) test. Statistically signifi-
cant differences were determined at the 95% level.

3. Results

3.1. Effect of Ella, Ella NPs, and their combination with metformin on
body weight measured weekly over 9 weeks and the body weight gain
after 9 weeks

HFD/STZ-induced typ2diab (diabetic group) resulted in a signif-
icant decrease in rats’ body weight compared with control rats at
week 8 and week 9. The diabetic rats treated with metformin
(300 mg/kg) or Ella (10 mg/kg) as monotherapy and combined
therapy with metformin showed a significant increase in rats’ body
weight at week 8 and week 9 compared to the diabetic group
(Fig. 1A). The diabetic rats treated with metformin (300 mg/kg)
or Ella NPs (10 mg/kg) as monotherapy and combined therapy with
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Fig. 1. Effects of A: ellagic acid (Ella), metformin, and their combination, B: ellagic acid
measured weekly over 9 weeks. C: Effects of Ella, Ella NPs, metformin, and their combin
presented as mean ± SD. * significant relative to control; £ significant relative to diabeti
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metformin showed significantly increased rats’ body weight from
week 4 to week 9 compared to the diabetic group (Fig. 1B). Unfor-
tunately, although the monotherapy with either metformin, Ella, or
Ella NPs effectively increased rats’ body weight, there was no sig-
nificant difference between the weight of rats post-metformin
monotherapy, and metformin combined therapy with either Ella
or Ella NPs (Fig. 1A and B). All treatment groups had increased body
weight gain (%) compared with the diabetic group (Fig. 1C).

3.2. Effect of Ella, Ella NPs, and their combination with metformin on
blood glucose levels measured weekly over 9 weeks

HFD/STZ-induced typ2diab (diabetic group) resulted in a signif-
icant increase in blood glucose levels compared with control rats
from week 4 to week 9. The diabetic rats treated with metformin
(300 mg/kg) monotherapy showed significant decreases in blood
glucose levels from week 4 to week 9 compared to the diabetic
group. The diabetic rats treated with Ella (10 mg/kg) monotherapy
and Ella combined therapy with metformin showed a significant
decrease in blood glucose levels at week 9 only compared to dia-
betic rats (Fig. 2A). The diabetic rats treated with Ella NPs
(10 mg/kg) monotherapy and Ella NPs combined therapy with
metformin showed significantly decreased blood glucose levels
from week 5 to week 9 compared to the diabetic group. Metformin
monotherapy induced a significant hypoglycaemic action com-
pared to either Ella monotherapy or Ella combined with metformin
at week 9. Unfortunately, while the monotherapy with either met-
formin or Ella NPs effectively reduced the blood glucose level, there
was no significant difference between the hypoglycaemic effect of
metformin monotherapy and metformin combined therapy with
Ella NPs (Fig. 2B).

3.3. Effect of Ella, Ella NPs, and their combination with metformin on
plasma lipid profile measured after 9 weeks

HFD/STZ-induced typ2diab (diabetic group) resulted in a signif-
icant increase in plasma TG and VLDL levels compared with control
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Fig. 2. Effects of A: ellagic acid (Ella), metformin, and their combination, B: ellagic acid nanoparticles (Ella NPs), metformin, and their combination on blood glucose levels
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rats at week 9. On the other hand, the diabetic rats showed a sig-
nificant decrease in plasma HDL levels compared with the control
group at week 9. The diabetic rats treated with metformin
(300 mg/kg), Ella (10 mg/kg), Ella NPs as monotherapy, and com-
bined therapy with metformin showed a significant decrease in
plasma TG and VLDL at week 9 compared to diabetic group. The
diabetic rats treated with Ella NPs as monotherapy and combined
therapy with metformin showed a significant decrease in plasma
TC and LDL at week 9 compared to the diabetic group. The
hypolipidemic effect of the combined treatment of metformin with
either Ella or Ella NPs was superior to the effect of metformin
monotherapy (Table 1).
3.4. Effect of Ella, Ella NPs, and their combination with metformin on
histopathology of pancreatic islets of Langerhans after 9 weeks

The control and HFD groups showed Langerhans islets with an
average population of centrally located beta cells. However, some
cells in the HFD group looked hypertrophied. The HFD/STZ-
induced typ2diab (diabetic group) group showed islets with a
decreased population of centrally located beta cells; most of them
looked swollen with cytoplasmic vacuolation and small pyknotic
nuclei. The metformin group showed preservation of islets cells
compared to the diabetic group with few centrally located beta
cells showing degenerated nuclei. The beta cells appeared with
their average density and active vesicular nuclei in all the other
treatment groups (Ella, Ella + metformin, Ella NPs, and Ella
NPs + metformin). The group of Ella NPs + metformin showedmore
preservation of centrally located beta cells compared to all groups
(Fig. 3).
Table 1
Effect of ellagic acid (Ella), ellagic acid nanoparticles (Ella NPs), metformin, and their com

Group TC (mg/dl) TG (mg/dl)

Control 90 ± 9.3 58 ± 6.3
HFD 94 ± 6.1 93 ± 14.7 a

Diabetic 90 ± 8.8 126 ± 17.5 a

Metformin 83 ± 13.0 90 ± 10.0 b

Ella 86 ± 2.7 51 ± 2.9 b,c

Ella + Metformin 73 ± 12.4 60 ± 2.3 b,c

Ella NPs 60 ± 4.7 b,c 62 ± 3.3 b,c

Ella NPs + Metformin 68 ± 10.0 b,c 43 ± 2.7 b,c

Results are presented as mean ± SD.
TC: total cholesterol; TG: triglyceride; HDL: high-density lipoprotein; LDL: low-density

a Significant relative to control.
b Significant relative to diabetic.
c Significant relative to metformin. (P < 0.05).
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3.5. Effect of Ella, Ella NPs, and their combination with metformin on
insulin immunostaining in pancreatic islets of Langerhans after
9 weeks

The control group showed marked insulin immuno-expression,
which occupies most of the islet’s cells. The islet’s cells of the HFD
group showed nearly similar insulin immuno-expression com-
pared to the control group. A marked reduction in the insulin
immuno-expression was observed within scattered islet’s cells of
the diabetic group. Moderate positive insulin immuno-
expressions were found within islet’s cells of diabetic rats treated
with metformin, Ella, and Ella + metformin groups, whereas
marked positive insulin immuno-expressions were observed
within most islet’s cells of diabetic rats treated with Ella NPs
monotherapy and Ella NPs combined therapy with metformin
(Fig. 4).
3.6. Effect of Ella, Ella NPs, and their combination with metformin on
caspase-3 immunostaining in pancreatic islets of Langerhans after
9 weeks

The control group showed negative caspase-3 immuno-
expression within the islet’s cells. A strong positive caspase-3
immuno-expression was observed within the islet’s cells of the
diabetic group. Moderate positive caspase-3 immuno-expressions
were observed within islet’s cells of diabetic rats treated with Ella,
Ella NPs, and HFD groups. In contrast, mild positive caspase-3
immuno-expressions were found within islet’s cells of diabetic rats
treated with metformin monotherapy and metformin combined
therapy with either Ella or Ella NPs (Fig. 5).
bination plasma lipid profile measured after 9 weeks of treatment.

HDL (mg/dl) LDL (mg/dl) VLDL (mg/dl)

37 ± 1.1 36 ± 6.8 11 ± 1.2
23 ± 2.1 a 53 ± 6.8 19 ± 2.9 a

28 ± 3.6 a 42 ± 9.5 25 ± 3.4 a

27 ± 2.6 49 ± 13.5 18 ± 1.9 b

25 ± 1.7 51 ± 0.8 10 ± 0.4 b,c

27 ± 4.3 34 ± 8.3 12 ± 0.4 b, c

25 ± 1.8 26 ± 2.9 b, c 12 ± 0.6 b, c

26 ± 2.9 33 ± 6.6 b, c 9 ± 0.9 b,c

lipoprotein; VLDL: very-low-density lipoprotein.



Fig. 3. Effect of ellagic acid (Ella), ellagic acid nanoparticles (Ella NPs), and their combination with metformin on histopathology of pancreatic islets of Langerhans (H & E)
after 9 weeks. Photos represents pancreas of control [A], high fat diet (HFD) [B], diabetic [C], metformin [D], Ella [E], Ella + metformin [F], Ella NPs [G], Ella NPs + metformin
[H]. The control and HFD photos showed Langerhans islets with a normal population of centrally located beta cells (dotted arrows). Some cells in the HFD photo looked
hypertrophied (white arrow). The diabetic photo showed islets with a decreased population of centrally located beta cells; most of them looked swollen with cytoplasmic
vacuolation and small pyknotic nuclei (dotted arrow). The metformin photo showed preservation of islets cells compared to the diabetic photo (dotted arrow) with few
centrally located beta cells showing degenerated nuclei (black arrow). The Ella photo showed Langerhans islets with normal cell population (dotted arrows) similar to the
control photo. Central beta cells have active nuclei (white arrow). Ella + metformin showed Langerhans islets with normal beta cell density; most of them have active
vesicular nuclei (dotted arrow). Ella NPs photo showed preservation of normal islets cell population with apparent active nuclei of centrally located beta cells (dotted arrow).
Ella NPs + metformin showed more preservation of centrally located beta cells compared to other groups (dotted arrows). (H & E X 600).

Fig. 4. Effect of ellagic acid (Ella), ellagic acid nanoparticles (Ella NPs), and their combination with metformin on insulin immunostaining in pancreatic islets of Langerhans
after 9 weeks. Photos represents pancreas of control [A], high fat diet (HFD) [B], diabetic [C], metformin [D], Ella [E], Ella + metformin [F], Ella NPs [G], Ella NPs + metformin
[H]. (Insulin immunoreactivity X 600).
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4. Discussion

The results of this study showed a therapeutic effect of Ella NPs
against typ2diab induced by STZ in rats fed on the HFD diet. It was
observed that Ella NPs treated diabetic rats had weight reduction
associated with diabetes throughout all weeks of the experiment
and until its end, while the effect of the regular Ella was limited
to the last 2 weeks of the experiment only. It was also noted that
the treatment of diabetic rats with Ella NPs caused a significant
decrease in the level of blood glucose over the time of the experi-
ment, while the effect of the regular Ella was limited to the last
2 weeks only. Both the time course and the antidiabetic action of
Ella NPs were similar to metformin, and their combination did
3478
not show an additional benefit concerning either body weight or
serum glucose.

Antioxidants are one of the effective treatment lines in manag-
ing diabetes and its complications. However, their poor biophar-
maceutical properties, such as poor solubility and poor
bioavailability, interfere with their use (Sule et al., 2008). From
the present study, it appears that Ella NPs alone or combined with
metformin could be more efficient than Ella itself, and this may be
attributed to the protection of Ella NPs from GI degradation and
sustained release of encapsulated drug in the circulation, resulting
in improved bioavailability (Bhardwaj et al., 2006; Patra et al.,
2018). In addition, nanoformulations could help in ameliorating
bioavailability and biocompatibility issues, while preserving the



Fig. 5. Effect of ellagic acid (Ella), ellagic acid nanoparticles (Ella NPs), and their combination with metformin on caspase-3 immunostaining in pancreatic islets of Langerhans
after 9 weeks. Photos represents pancreas of control [A], high fat diet (HFD) [B], diabetic [C], metformin [D], Ella [E], Ella + metformin [F], Ella NPs [G], Ella NPs + metformin
[H]. (Caspase-3 immunoreactivity X 400).
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therapeutic effectiveness of the medicine (Mansoor et al., 2019). In
an earlier study, a blood-hypoglycemic effect of Ella in the STZ-
induced diabetes model in rats was found, although the Ella doses
used were approximately 5 and 10 times those used in the current
study (Fatima et al., 2017; Malini et al., 2011). Ratnam et al.
(Ratnam et al., 2008) reported improved efficacy of Ella NPs when
used at a dose much lower than the regular Ella. These findings fur-
ther confirm the enhanced bioavailability and enhanced potency of
Ella NPs.

Typ2diab is commonly connected with an alteration of lipid pic-
ture with elevated TC, TG, and LDL, besides a marked decrease in
serum HDL content (De MagalhÃes et al., 2019). The results of this
HFD/STZ typ2diab model showed that the synthesis of NPs of Ella
led to a lowering effect of all components of the lipid profile in
the blood (TC, TG, LDL, and VLDL), superior to the regular Ella that
reduced only TG and VLDL. In line with the results of the current
study, treatment of STZ diabetic rats with a combination of Ella
NPs and coenzyme Q10 resulted in a significant reduction of blood
lipids compared to regular Ella (Ratnam et al., 2008). Moreover, a
previous study showed that treating hamsters fed with HFD with
pomegranate peel extract rich in Ella in a dose exceeding our dose
by around 3 times lowered blood TC, TG, LDL, and VLDL while
increasing HDL (Liu et al., 2015). Contrary to results of Liu et al.
(Liu et al., 2015), neither Ella nor Ella NPs increased the level of
HDL in the HFD/STZ typ2diab model. The difference in the effect
of Ella between our study and their results may be due to the dif-
ferent diabetic models adopted. In our study, two factors affected
the level of HDL–the HFD and STZ–both of them could increase
the level of HDL statistically compared to the control, and in addi-
tion the HFD alone could increase HDL.

Rsesults of the pathological examination of the pancreas con-
firmed all the biochemical results because the number and activity
of beta cells improved in all treatment groups. It was observed that
the least improved islets were the metformin islets, and the most
enhanced islets were as a result of the combination of the Ella
NPs and metformin. Chronic hyperglycemia associated with typ2-
diab leads to loss of mass and function of pancreatic beta cells.
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Oxidative stress associated with increased glucose and lipids levels
stimulates programmed beta cell death (Ding et al., 2019). As
shown by the immunopathological examination of the apoptotic
factor caspase 3 in the pancreatic islets, it increased in the diabetic
group. At the same time, the different treatments decreased its
gene expression, and the effect was superior to the Ella NPs and
metformin group. Caspase 3 is one of the main factors causing
apoptosis in mammals (Feng et al., 2016). It is well known that
inhibition of its action is essential for apoptosis suppression
(Grippa et al., 2015). Ella was found to inhibit the activity of cas-
pase 3 in the liver and brain of rats with liver and brain damage
resulting from D-galactose-induced aging (Chen et al., 2018).

Treatment of diabetic rats with Ella NPs alone or in combination
with metformin increased gene expression of insulin in the beta
islets compared to both the diabetic group and metformin alone.
The improvement in beta cell count and inhibition of programmed
cell death are the main reasons behind the increase in cell function
and improved insulin production in these groups. In agreement
with the results of the present study, the treatment of STZ diabetic
rats with a combination of Ella NPs and coenzyme Q10 resulted in
significant increase in plasma insulin concentration compared to
the regular Ella (Ratnam et al., 2008).
5. Conclusion

The results of this study confirmed that Ella could manage typ2-
diab by lowering glucose and lipid levels and improving body
weight by using Ella NPs. The mechanisms behind these effects
are inhibition of beta-cell apoptosis and stimulation of insulin
production.
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