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Abstract
Pancreatic inflammation and oxidative damage remain major concerns in type 1 diabetes mellitus (T1DM). Punicalagin, a 
major polyphenol in pomegranates, exhibited antioxidant and protective effects on several organs in case of T1DM; however, 
no study has yet explored the protective effects of punicalagin on the pancreas and islets of Langerhans. T1DM was induced 
by injecting 40 mg/kg streptozotocin (STZ) intraperitoneally. Punicalagin (1 mg/kg ip) was injected daily for 15 days after 
T1DM induction. In diabetic rats, punicalagin treatment lowered the levels of inflammatory biomarkers (monocyte chemoat-
tractant protein-1 and C-reactive protein) and adhesion molecules (E-selectin, intercellular adhesion molecule, and vascular 
cell adhesion molecule) while activating myeloperoxidase activity. Treatment of diabetic rats with punicalagin improved 
glutathione content and superoxide dismutase, catalase, and glutathione peroxidase activities; upregulated serum paraoxo-
nase-1 activity; and prevented the elevation lipid peroxidation and protein oxidation products in the pancreas. Furthermore, 
punicalagin protected the pancreas against STZ-induced histopathological alterations and increased immune-reactive β-cells 
while reducing leucocyte infiltration into the islets of Langerhans, leading to normalized blood glucose and insulin levels. 
These findings indicated that punicalagin might protect against the development of insulitis in T1DM. In conclusion, puni-
calagin exerts a strong protective effect on the pancreas against oxidative injury and inflammation in STZ-induced experi-
mental T1DM. The present results recommend punicalagin as a potential adjuvant for reducing diabetes-associated insulitis.
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Introduction

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune 
disease characterized by remarkable damage to the β-cells of 
the islets of Langerhans, leading to low insulin release and 

augmented hyperglycemia [1]. Pancreatic cell injury occurs 
as a result of increased oxidative stress and inflammation 
[2]. The pathological hallmark of T1DM is the develop-
ment of insulitis, which characterized by inflammation due 
to immune cell infiltration into the islets of Langerhans caus-
ing the selective loss of β-cells [3]. Therefore, it is important 
to search for therapeutic agents with minimal side effects to 
protect the pancreas and β-cells against oxidative stress and 
inflammatory response associated with T1DM.

Nutraceuticals, such as polyphenols, are antioxidant com-
pounds found in several colored fruits, vegetables, and herbs. 
These compounds have shown several beneficial effects in 
health and diseases, including diabetes [4]. Moreover, they 
have various biological functions, such as immunomodula-
tion, anti-inflammation, and antioxidation [5]. One popu-
lar fruit is pomegranate, with recent studies showing that 
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pomegranate extract promoted protective effects against 
hepatic damage in case of T1DM [6].

Punicalagin is a polyphenol found mainly in pomegranate 
juice, peel, and seeds. It is the major phenolic compound 
found in pomegranate peels [7, 8]. Punicalagin is charac-
terized by its remarkable antioxidant and free radical scav-
enging activity among other polyphenol-rich plants [9] and 
exerts several health benefits [10]. Evidence has shown that 
punicalagin can protect the heart against oxidative injury 
produced by ischemia/reperfusion [11] and T1DM [12]. 
Moreover, studies have showed that punicalagin protected 
against diabetic nephropathy [13] and mitigated the terato-
genic effects of hyperglycemia in the developing embryo 
[14]. Recently, punicalagin showed therapeutic effects on 
multiple targets, consequently ameliorating metabolic syn-
drome [15]. However, the effects of punicalagin on pan-
creatic integrity, as well as the islets of Langerhans and its 
β-cells, in T1DM have yet to be explored. We hypothesized 
that punicalagin treatment can be a promising approach for 
protecting the pancreas and insulin-secreting cells against 
streptozotocin (STZ)-induced damage. The current study 
therefore aimed to investigate the protective effects of puni-
calagin against pancreatic injury in experimental diabetic 
rats.

Materials and methods

Inducing diabetes and treatment with punicalagin

To induce T1DM, rats were injected with a single dose of 
STZ (40 mg /kg, intraperitoneally) after overnight fasting 
[16]. STZ was obtained from Sigma-Aldrich Co., USA and 
prepared in citrate buffer (pH 4.5) [17]. Blood glucose levels 

were estimated to verify hyperglycemia. Rats with blood 
glucose levels over 250 mg/dL were confirmed to have dia-
betes and were utilized in the current study.

Punicalagin supplied by Sigma-Aldrich, USA was pre-
pared in saline solution and administered intraperitoneally 
at a concentration of 1 mg/kg daily for 15 days [12].

Experimentation animals and design

Adult male Westar rats weighing 250 ± 20 g were supplied 
by VACSERA (Giza, Egypt). They were kept under con-
trolled humidity, temperature, and photoperiod (12-h light/
dark cycle). Rats were fed a commercial rodent pellet diet 
and water ad libitum. Animals were acclimatized to the place 
and then randomly divided into the following four groups 
of six animals each: (1) Control group: rats that did not 
receive any treatment; (2) punicalagin (PU) group: rats that 
received a intraperitoneal injection of punicalagin (1 mg/
kg body weight, intraperitoneally) for 15 days; (3) strep-
tozotocin (STZ) group: rats were injected intraperitoneally 
with streptozotocin (40 mg/kg, intraperitoneally) [18]; and 
(4) streptozotocin + punicalagin (STZ + PU) group: rats that 
received STZ followed by punicalagin at the same dose as 
the second and third groups for 15 days (Fig. 1).

Sample collection

After the experimental period, rats were anesthetized 
with ketamine/xylazine (0.1 ml/100 g, intraperitoneally). 
Blood was obtained from the heart by cardiac puncture 
under anesthesia, after which the animals were dis-
sected to obtain the pancreases. After blood clotting, sera 
were obtained by centrifugation at 3000 rpm for 10 min 
and stored at − 20  °C. A portion of the pancreas was 

Fig. 1   Experimental design. In the current study, four animal groups 
were used to investigate potential therapeutic effect of punicalagin in 
pancreatic injury and insulitis in STZ-induced diabetic model. Ani-
mals were acclimatized for seven days before experimentation. The 
experimental groups are as follows: (1) control group; (2) punicalagin 

(PU) group; (1 mg/kg body weight, ip for 15 days); (3) streptozotocin 
(STZ) group: (40  mg/kg, ip); and (4) streptozotocin + punicalagin 
(STZ + PU) group: rats that received STZ followed by punicalagin at 
the same dose as the second and third groups for 15 days. Animals 
were overnight fasted then samples were collected next day
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homogenized, centrifuged, and then stored at − 20 °C. For 
histological and immunohistochemical studies, portions 
of the pancreas were fixed in 10% neutral formalin until 
processing.

Biochemical determinations

The levels of serum glucose were evaluated using ready-
made kits (Glucose-LQ) provided by Spinreact (Girona, 
Spain). The levels of serum insulin were assayed using 
the ELISA kit (RayBiotech, Georgia, USA; Catalog #: 
ELR-Insulin-1) with a detection range of 5–300 uIU/mL, 
respectively.

Serum C-reactive protein (CRP) and Paraoxonase-1 
(PON-1) activity were assessed using ELISA kits pro-
vided by MyBiosource (San Diego, USA) according to the 
instruction manual (Catalog# MBS453159) and (Catalog# 
MBS453155).

Serum levels of attaching molecules, including blood ves-
sel endothelial adhesion molecule-1 (VCAM-1) (Catalog# 
A01199) and intracellular adhesion molecule-1 (ICAM-1) 
(Catalog# EK0372), were measured using a commercial 
ELISA kit (Boster Biological Technology, Pleasanton CA, 
USA). E-selectin was detected using ELISA kit supplied 
from Thermo Fisher Scientific, USA, (Catalog# ERA14RB) 
according to the manufacturer’s instructions. Serum MCP-1 
levels were determined using an ELISA (RayBiotech, USA, 
(Catalog# ELR-MCP-1–1)).

Glutathione (GSH) levels in pancreatic tissues and the 
activities of glutathione reductase (GR), (GPx), (SOD), and 
(CAT) were determined using the kits provided by MyBio-
source (San Diego, USA) according to the instruction man-
ual (Catalog# MBS258033), (Catalog# MBS841852), (Cata-
log# MBS1600242), (Catalog# MBS036924), and (Catalog# 
MBS726781), respectively.

Furthermore, myeloperoxidase (MPO) activity, protein 
carbonyl (PC), and malondialdehyde (MDA) were esti-
mated in the pancreas following the instructions of the kit 
obtained from MyBiosource San Diego, USA, (Catalog# 
MBS849288), (Catalog# MBS2600784), and (Catalog# 
MBS268427), respectively.

Histopathological investigation

Fixed pancreatic tissues from all rat groups were dehy-
drated in graded ethanol concentrations and then cleaned 
with xylene after being washed with 70% alcohol. The sam-
ples were mounted in wax, sectioned at 6 m, and stained 
with hematoxylin and eosin. Stained sections were observed 
using an Olympus light microscope and photographed using 
an Amscope MU1000 camera. Furthermore, the degree 

of insulitis was quantified using image analysis, based on 
the degree of leucocyte infiltration and % of plot area.

Immunohistochemical study

Insulin expression was determined in paraffin-embedded 
sections using the labeled streptavidin–biotin immunoper-
oxidase technique [19]. Pancreas sections were deparaffi-
nized in xylene and rehydrated in alcohol, after which they 
were incubated overnight at 4 °C with mouse monoclonal 
anti-insulin (Cat #: insulin Ab-5 (Clone INS05; same as 
2D11-H5), Thermo Fisher Scientific, Fremont, CA; diluted 
0.5–1 µg/ml). After completing the reaction, counterstaining 
was performed using Mayer’s hematoxylin, and the sections 
were dehydrated and cover slipped using DPX. The β-cell 
area ratio was quantified as the area of insulin-positive cells 
divided by the total tissue area using ImageJ 1.42q soft-
ware [20]. At least six random islets from each section were 
counted for insulin-positive areas.

Statistical analysis

Using GraphPad Prism version 6.01, the results were 
expressed as means and standard error of mean (± SEM). 
Student’s t test was utilized to determine statistical differ-
ences between two groups, whereas one-way analysis of 
variance followed by Tukey’s test was used for multiple 
comparisons. A P value of < 0.05 was considered statisti-
cally significant.

Results

Punicalagin reduced serum inflammatory mediators 
in T1DM rat model

Diabetic rats had significantly higher CRP and MCP-1 lev-
els and MPO activity (P < 0.001) than the control group. 
Moreover, diabetic rats treated with punicalagin exhibited 
markedly lower levels of the aforementioned inflammatory 
bioindicators compared to the diabetic group (Fig. 1). Com-
pared to the control group, rats with STZ-induced T1DM 
treated with punicalagin showed no significant difference 
in the level’s inflammatory markers. Treatment with puni-
calagin alone displayed no significant effects on CRP and 
MCP-1 levels (Fig. 2A and B) and promoted no significant 
decrease (P < 0.05) in serum MPO activity (Fig. 2C) com-
pared to the control rats (Fig. 2).

Punicalagin suppressed the release of adhesion 
molecules in sera of diabetic rats

Similarly, the STZ-injected group had a significant greater 
(P < 0.001) serum concentrations of ICAM-1, VCAM-1, 
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and E-selectin compared to the control group (Fig. 3A–C, 
respectively). By contrast, diabetic rats treated with punica-
lagin had a significantly lower concentrations of ICAM-1, 
VCAM-1, and E-selectin (P < 0.001) compared to the STZ-
treated group. Treatment with punicalagin alone did not 
affect the expression of adhesion molecules in sera (Fig. 3).

Punicalagin reduced oxidative stress and increased 
antioxidant levels in the pancreas of diabetic rats

Compared to the control, treatment with punicalagin for 
15 days caused a significant increase in antioxidant level in 
the pancreas (P < 0.001). In contrast, diabetic rats exhibited a 
significant decrease in GSH levels (P < 0.001) and activities 
of GPx, GR, SOD, and CAT in the pancreas and of PON-1 
in sera (Fig. 4A–F, respectively). Diabetic rats treated with 
punicalagin showed significant greater antioxidant levels 
compared with the diabetic group (Fig. 4).

Furthermore, diabetic rats exhibited a significant pro-
tein oxidation and lipid peroxidation (P < 0.001) as indicated 
by higher levels of protein carbonyl (PC) and malondialde-
hyde (MDA) in the pancreas compared with control animals 
(Fig. 5A and B). Diabetic rats treated with punicalagin had 
significantly lower protein oxidation and lipid peroxidation 

compared to diabetic rats (Fig. 5). Punicalagin treatment in 
rats with STZ-induced T1DM showed no significant effect 
on PC and MDA formation in the pancreas.

Punicalagin mitigated histopathological alterations 
in the pancreas and prevented insulitis of T1DM rats

Pancreatic tissues from the control and punicalagin groups 
showed normal histological architecture of both the exocrine 
and endocrine glands as indicated by the normal appear-
ance of the islets of Langerhans surrounded by exocrine 
pancreatic acinar structures. In rats with STZ-induced dia-
betes, degenerative and necrotic changes within the exocrine 
glands and marked decrease in the size of the endocrine 
islets of Langerhans were consistently observed. By con-
trast, pancreatic tissues from the STZ + PU group showed 
amelioration of these histopathological alterations in major-
ity of the islets of Langerhans cells, with mild degenerative 
changes within exocrine glands (Fig. 6A–D and Fig. S1).

The effects of punicalagin on the severity of insulitis in 
diabetic rats was quantified using image analysis, based on 
the degree of leucocyte infiltration (Fig. 6E) and plotted 
area (Fig. 6F). Compared with the control rats, rats with 
STZ-induced diabetes had significantly greater leukocytes 

Fig. 2   A–C Effects of streptozotocin (STZ) and punicalagin (PU) 
on serum levels of C-reactive protein (CRP) (A), monocyte chem-
oattractant protein-1(MCP-1) (B) and myeloperoxidase (MPO) (C) 
activity in pancreatic tissues of rats in the different groups. Values are 

expressed as the means ± SEM; (n = 6). *Significant at P<0.05. ***, 
### Significant at P < 0.001. *,*** Indicate comparisons with respect 
to the control group. ###  Indicates comparisons with respect to the 
STZ group
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Fig. 3   A–C Effects of streptozotocin (STZ) and punicalagin (PU) 
on serum level of adhesion molecules, namely intracellular adhesion 
molecule-1 (ICAM-1) (A), vascular endothelial adhesion molecule-1 
(VCAM-1) (B), and E-selectin (C), in rats of different groups. Values 

are expressed as mean ± SEM; (n = 6). * Significant at P < 0.05. ***, 
### Significant at P < 0.001. *,***Indicate comparisons with respect 
to the control group. ### Indicate comparisons with respect to the 
STZ group

Fig. 4   A–F Effects of streptozotocin (STZ) and punicalagin (PU) on 
antioxidant activities of glutathione (GSH) (A), glutathione peroxi-
dase (GPx) (B), glutathione reductase (GR) (C), catalase (CAT) (D), 
and superoxide dismutase (SOD) (E) in the pancreas and paraoxo-
nase (PON-1) (F) serum levels in rats of different groups. Values are 

expressed as mean ± SEM; (n = 6). *Significant at P < 0.05; ** Sig-
nificant at P < 0.01, and ***, ### Significant at P < 0.001. *, **, *** 
Indicate comparisons with respect to the control group. ### Indicates 
comparisons with respect to the STZ group



	 Molecular and Cellular Biochemistry

1 3

Fig. 5   A–B Effects of streptozotocin (STZ) and punicalagin (PU) on 
the levels of protein carbonyl (PC) (A) and malondialdehyde (MDA) 
(B) in the pancreas of rats in different groups. Values are expressed as 

mean ± SEM; (n = 6). ***, ### Significant at P < 0.001. *** Indicates 
comparisons with respect to the control group. ### Indicates compar-
isons with respect to the STZ group

Fig. 6   A–D Hematoxylin and eosin-stained pancreatic sections. A 
Control rats showing normal histological features of both exocrine 
and endocrine structures, (arrowhead) indicating normal acinar struc-
tures and (arrow) indicates islets of Langerhans. B Section of puni-
calagin (PU)-treated animal, showing normal histological features of 
both exocrine and endocrine tissues, (arrowhead) indicating normal 
acinar structures and (arrow) islets of Langerhans. C Section from 
rats with streptozotocin-(STZ) induced diabetes showing marked 
decrease in size of the endocrine islets of Langerhans with a drastic 
decrease in the number of their cells (arrow). Some islet cells are 
distorted with vacuolated cytoplasm (asterisk); degenerative changes 

within exocrine pancreatic acini (arrowhead). D Section of streptozo-
tocin + punicalagin-treated (STZ + PU) animals showing an apparent 
increase in the islets of Langerhans size with normal histoarchitec-
ture (arrow) in addition to exocrine pancreatic acini appearing with 
almost normal histology (arrowhead) (Magnification: × 200). Quanti-
fication is expressed as inflammatory cell count and percent of plot 
area (E and F, respectively). Each value represents mean  ± SEM of 
six microscopic fields/tissue sample. ***,### Significant at P<0.001. 
*** Indicates comparisons with respect to the control group. ### 
Indicates comparisons with respect to the STZ group
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infiltration (P < 0.001). In contrast, treatment of diabetic rats 
with punicalagin significantly reduced leukocyte infiltration 
into the islets of Langerhans (Fig. 6E and F). These find-
ings indicated that punicalagin mitigated T1DM-associated 
insulitis.

Punicalagin protected β‑cells in the pancreas 
of T1DM rats

Pancreatic sections of normal rats showed strong insulin 
immunoreactivity in the β-cells of the islets of Langerhans. 
Interestingly, pancreatic sections of punicalagin-treated rats 
displayed a more insulin-immunopositive cells (P < 0.05) 
compared to the control group (Fig. 7A and B). The STZ 
group showed remarkably low immunoreactivity staining 
intensity in the insulin-secreting cell population, indicating 
destruction of β-cells (Fig. 7C). In contrast, the STZ + PU 
group showed an apparently greater increase in the number 
and size of reactive β-cells compared with the STZ group 
(Fig. 7D). The quantification of insulin-immunopositive 
cells is illustrated in Fig. 7E.

Punicalagin ameliorated serum glucose and insulin 
levels in T1DM rats

Figure 7 shows the levels of glucose and insulin in sera. 
Compared with the control group, rats with STZ-induced 
T1DM treated with punicalagin showed no significant dif-
ference in serum glucose and insulin levels. In contrast, 
injection of STZ caused a significant increase in serum glu-
cose and decrease in insulin levels (P < 0.001). Meanwhile, 
treatment of diabetic rats with punicalagin significantly 
prevented these changes in both biomarkers (P < 0.001) 
(Fig. 8A and B).

Discussion

T1DM is an autoimmune disease characterized by damage 
of pancreatic β-cells due to excessive immune cell infiltra-
tion into the islets of Langerhans [21, 22]. The present study 
planned to assess the role of punicalagin in protecting the 
pancreas of rats with STZ-induced diabetes. This has been 
the first study to show that punicalagin exerts anti-insulitis 
effects and protects the pancreas against oxidative damage 
in T1DM rats. Treatment with punicalagin protected the 

Fig. 7   A–E Pancreatic-stained sections with insulin antibody. A Con-
trol group showing strongly stained β-cells of the islet of Langerhans 
with the anti-insulin antibody (arrow); B punicalagin (PU)-treated 
group showing β-cells in the islet of Langerhans that are strongly 
stained with the anti-insulin antibody (arrow); C rats with streptozo-
tocin-(STZ) induced diabetic showing weak insulin immunoreactiv-
ity in a few β-cells in the islet of Langerhans (arrow); and D strep-
tozotocin + punicalagin-treated (STZ + PU) group, PU protected the 

majority of β-cells in the islet of Langerhans and strongly stained 
them with the anti-insulin antibody (arrow). (IHC, X200). The effect 
of streptozotocin (STZ) and punicalagin (PU) on the percentage of 
insulin-positive cells in pancreatic islets of different groups (E) was 
quantified. Each value represents the mean ± SE of six microscopic 
fields/tissue sample.  *Significant at P < 0.05. ***, ### Significant 
at P < 0.001. ***, * Indicate comparisons with respect to the control 
group. ### Indicate comparisons with respect to the STZ group
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pancreas against STZ-induced increase in oxidative stress, 
inflammatory attack, histological alterations, and reduced 
leucocyte infiltration into the islets of Langerhans, leading 
to the normalization of blood glucose and insulin levels.

The current study and a previous report showed that STZ 
causes pancreatic inflammation with concomitant increases 
in pro-inflammatory cytokines and mediators [23]. Serum 
CRP levels, together with other inflammatory cytokines 
and soluble adhesion molecule, become elevated in T1DM 
patients [24]. The current study demonstrated that punica-
lagin administration decreased the levels of pro-inflamma-
tory cytokines CRP and MCP-1 in sera and reduced MPO 
activity in the pancreas of rats with STZ-induced diabetes, 
confirming the anti-inflammatory effects of punicalagin. 
This finding agrees with a previous report, which suggested 
that diabetic mice have higher plasma MCP-1 levels and 
that inhibiting this molecule helps reduce insulitis [25]. 
When punicalagin was administered to diabetic rats, the 
serum levels of CRP and MCP-1 improved significantly with 
increased MPO activity. This finding is consistent with those 
of previous studies, which showed that punicalagin attenu-
ated inflammatory responses through the downregulation of 
the FoxO3a/autophagy signaling pathway, nitric oxide, pros-
taglandin E2, interleukin-6, and cyclooxxgenase-2 (COX-2) 
release in several conditions [26–28]. This finding suggests 
that punicalagin is crucial in reducing inflammation by mini-
mizing CRP and MCP-1 production and activation of MPO, 
supporting the anti-inflammatory effects of punicalagin.

Furthermore, diabetic rats had high concentrations of 
cell adhesion molecules, including ICAM-1, VCAM-1, 
and E-selectin in serum, which confirms the findings of 
previous studies [29–31]. Given that the inflammatory 
pathways in diabetes include cytokines, chemokines, and 
adhesion molecules, we assumed that punicalagin with its 
antioxidant properties might lower the levels of adhesion 
molecules. Notably, treatment with punicalagin promoted a 
significant decrease in serum levels of ICAM-1, VCAM-1, 

and E-selectin in diabetic rats. One possible cause for the 
inhibitory effects of punicalagin on adhesion molecules 
might be its ability to attenuate redox-active agents in addi-
tion to its anti-inflammatory responses [32–35]. The current 
findings are in agreement with those presented in previous 
studies, which showed that phenolic substances can dimin-
ish oxidative stress and cytokines, cell adhesion molecules, 
and chemokines involved in cellular inflammatory responses 
[36]. The lowering effects of punicalagin on adhesion mol-
ecules might contribute to its anti-inflammatory effects, sug-
gesting its potential for reducing inflammatory response in 
patients with diabetes.

High amounts of PC and MDA were found in the pan-
creas of diabetic rats, along with lower levels of antioxi-
dants, such as GSH and decreased GPx, GR, PON-1, SOD, 
and CAT activities, indicating increased oxidative stress in 
the pancreas. This finding is consistent with prior studies, 
which reported increased oxidative stress in the muscles, 
hearts, and pancreas of animals with STZ-induced DM [12, 
37, 38]. Punicalagin supplementation significantly normal-
ized the activities of antioxidant enzymes and GSH concen-
trations while decreasing bioindicators of oxidative stress 
in the pancreas of diabetic rats, indicating the antioxidant 
effects of punicalagin. In addition, punicalagin significantly 
elevated the enzymatic and nonenzymatic antioxidants in the 
pancreas compared with control levels, confirming its poten-
tial ability for ameliorating oxidative stress in the pancreas 
given its antioxidant function [12, 39, 40]. Punicalagin was 
also found to prevent hyperglycemia-induced lipid peroxida-
tion and lipid peroxides in the brain of diabetic mice [14]. 
Thus, the current findings clearly suggested that punicalagin 
is a promising natural compound for alleviating pancreatic 
oxidative damage associated with diabetes and that its anti-
oxidant properties play a critical role in preventing damage 
of insulin-producing cells.

Along with decreased antioxidants in the pancreas, dia-
betic rats showed considerably higher MPO activity in the 

Fig. 8   Effect of streptozotocin (STZ) and punicalagin (PU) on the 
levels of glucose and insulin in the sera of rats in different groups. 
Values are expressed as mean ± SEM; (n = 6). ***, ### Significant 

at P < 0.001. *** Indicates comparisons with respect to the control 
group. ### Indicates comparisons with respect to the STZ group
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pancreatic tissue compared with control and punicalagin-
treated rats. This finding agrees with the significant role 
played by MPO in inflammatory pathology of diseased vital 
organs and tissues [41], including the pancreas. Our results 
are in agreement with previous studies [42, 43], which found 
a negative association between MPO activity and antioxidant 
activities. This is based on the ability of MPO to release 
hypochlorous acid that penetrates the cell membrane and 
oxidizes intracellular thiols, resulting in increased oxida-
tive stress and cellular dysfunction [44]. Given that MPO is 
a key factor connecting inflammation and oxidative stress 
in several diseases [45], we assumed that the development 
of MPO activity inhibitors can be a potential therapeutic 
approach. Punicalagin effectively reduced and subsequently 
normalized the elevated MPO activity in the pancreas of 
diabetic rats, suggesting its ability to protect pancreatic cells 
through its efficient antioxidative and anti-inflammatory 
activity. Furthermore, studies have suggested that punica-
lagin causes a decrease in neutrophil attraction to inflam-
mation sites as evidenced by the decrease in MPO activity. 
This finding is based on the low leucocyte infiltration into 
the pancreas observed after treatment with punicalagin. This 
finding might validate the anti-inflammatory properties of 
punicalagin.

PON-1 exerts antioxidant effects with anti-inflammatory 
action [46]. Compared to control and punicalagin-treated 
animals, diabetic rats exhibited significant lower PON-1 

activity accompanied with higher lipid and protein oxidation 
in the pancreas. These findings are consistent with those pre-
sented in other studies, which showed an opposite associa-
tion between level of lipid peroxidation products and PON-1 
activity in experiments involving rats with STZ-induced 
diabetes [47, 48]. This is attributed to the hyperglycemia-
induced high-density lipoprotein (HDL) glycation that dis-
rupts PON-1 binding to HDL, resulting in the inhibition 
of enzyme activity [49]. The present results showed that 
PON-1 activity was not inhibited in diabetic rats treated with 
punicalagin, suggesting that punicalagin can be an essential 
modulator of PON-1 function by preventing STZ-induced 
oxidative stress and/or exerting effects on the performance 
of enzymes that can hydrolyze lipid peroxides in pancreatic 
tissue [50–53]. Thus, the current findings indicate that puni-
calagin appears to be a promising treatment approach for 
preventing oxidative stress by augmenting PON-1 activity 
in pancreatic tissue.

The islets of Langerhans are the endocrine portion of the 
pancreas that plays an important role in maintaining blood 
glucose homeostasis [54]. T1DM negatively affects the 
integrity and structure of the islets caused by hyperglycemia-
induced oxidative stress and inflammatory response [55]. 
The current study demonstrated histopathological alterations 
in the islets of STZ-induced diabetic rats by the decrease in 
their size and significant leucocyte infiltration, indicating 
islet dysfunction and development of insulitis. Furthermore, 

Fig. 9   Schematic diagram for the possible effects of punicalagin on protection of pancreas against STZ-induced diabetic injury
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immunohistochemical staining showed a significant decrease 
in the number of insulin-producing β-cells in diabetic rats. 
These findings are consistent with the results presented in 
a recent study [56]. These changes were reflected by the 
decrease in insulin levels and hyperglycemia in sera of the 
same animals, implying that protecting islet structure and 
improving their function is a potential strategy for the treat-
ment of T1DM. Treatment of diabetic rats with punicalagin 
exerted remarkable improvement in histopathological changes 
and increased number of β-cells with a significant decrease 
in leucocyte infiltration, indicating improved insulitis and 
protection of pancreatic islets. Given that pyroptosis [13] 
and necroptosis [54] are associated with increased inflamma-
tory response and destruction of the pancreatic β-cells, the 
present findings suggested that punicalagin might mitigate 
pancreatic cell death. This has been the first study to show 
that punicalagin protects the pancreas and has anti-insulitis 
effects. These outcomes of punicalagin supplementation are 
associated with marked insulin production and normalization 
of blood glucose levels to almost control levels. Therefore, 
we suggest that punicalagin exerted its protective role against 
islets dysfunction and insulitis through its anti-inflammatory 
and antioxidant action. The current findings support those of 
a study in which pomegranate peel ethyl acetate extract was 
used to preserve β-cells in diabetic pancreases [57]. The anti-
oxidant action of pomegranate extract protected the existing 
β-cells from oxidative injury of free radicals [58].

The dose and route of admiration are important factors 
to maximize the utility of the punicalagin. In addition, the 
role of punicalagin in the regulation of signal pathways and 
hormonal transduction to exert the ameliorative effect on 
pancreas and specifically β-cells should be explored.

In conclusion, treatment with punicalagin in diabetic rats 
protected pancreatic structure and function and improved 
insulitis by controlling the increase in inflammatory 
cytokines and augmenting antioxidant levels in the pancre-
atic islets of diabetic rats (Fig. 9). Currently, we are focusing 
on the effects of punicalagin on apoptosis and pyroptosis to 
characterize the pathways and their regulating proteins in 
islets cells. Therefore, the beneficial effects of punicalagin 
can be considered a valuable finding and warrants further 
studies. The efficiency of punicalagin treatment should 
be investigated in clinical trials as an adjuvant therapy for 
human patients with T1DM. The current study suggests that 
more efforts should be devoted toward increasing the utility 
of punicalagin and better utilizing this natural product in 
clinical practice.
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