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The purpose of this study was to explore the pancreas recovery in diabetic rats
after treatment with the synthesized, curcumin@zinc oxide nanocomposite
(CUR@ZNnO NPs). Type 2 diabetes mellitus (T2DM) rats received low-dose
treatments with Cur@ZnO NPs (1 mg/kg) for 4 weeks. The results indicated
that CUR@ZnO NPs administration completely recovered T2DM rat’s pancreas.
Similarly, CUR@ZnO NPs were exceptional in improving the lipid profile of
diabetic rats. The immunohistochemical investigation confirmed these results
and revealed a complete recovery of pancreas and insulin production all over the
pancreatic islets of the CUR@ZnO NPs group than in all other groups. Moreover,
lesion scores in the pancreas and liver of T2DM rats given CUR@ZnO NPs showed
a prodigious amelioration than the other groups. The previous results confirmed
each other and indicate the success of CUR@ZnO NPs administration at low doses
in the restoration of pancreas and insulin production in T2DM rats. The obtained
results could help and guide the dose of CUR@ZnO NPs required as a novel drug
for T2DM pancreas recovery.
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INTRODUCTION

T2DM is a bundle of metabolic conditions
that are identified by elevated blood glucose levels
(hyperglycemia), insulin resistance (IR), and a
relative deficiency in insulin [1]. This condition is
considered one of the leading causes of mortality,
ranking among the top five. Currently, diabetes
affects over 150 million people worldwide, with
projections indicating that this figure will double in
the next two decades [2]. A significant proportion
of T2DM patients are obese, which inherently
contributes to some degree of insulin resistance
(IR). Other individuals who are not overweight
may exhibit a greater percentage of body fat, which
can also lead to insulin resistance [3]. Extreme
adiposity build-up is a known risk factor [3]. T2DM
is linked with several metabolic and cardiovascular
risk factors that lead to significant cardiovascular
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disease (CVD) and death rates [3].

Research in this area has been generally steered
by the growing understanding of the contribution of
metals to glucose metabolism and the link between
metals deficiency and diabetes. Several metals,
including Vanadium [4], Chromium [5], Magnesium
[6], Cobalt [7], and Zinc [8] have been identified as
having a role in glucose homeostasis and have been
proposed as potential therapeutic agents for diabetes.

Zing, an indispensable micronutrient, is linked
to over 300 enzymes [9] and plays a significant
role in a wide range of biological processes,
including glucose metabolism. By influencing the
insulin signaling pathway, zinc enhances hepatic
glycogenesis, leading to improved utilization of
glucose [10]. Additionally, itimpedes the absorption
of glucose in the intestines [11] and promotes
glucose uptake in skeletal muscle and adipose tissue
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[12]. Also, Zinc contributes to lowering circulating
glucose levels and inhibits glucagon secretion [13],
thus reducing gluconeogenesis.

Based on previous research, zinc is known to
support the structural integrity of insulin [13]
and is involved in insulin synthesis, storage, and
secretion [6]. Zinc deficiency is linked to diabetes
and can negatively impact the progression of T2DM
[6]. The lack of zinc in the pancreas can reduce the
production and release of insulin by B-cells, which
is essential for maintaining glucose homeostasis
[14]. Furthermore, zinc has antioxidant properties
[6], and a decrease in zinc levels may worsen the
complications of T2DM that result from oxidative
stress. These observations highlight the complex
relationship between zinc and diabetes. Developing
zinc-based agents for treating T1IDM, T2DM, and
complications associated with both conditions is an
attractive treatment strategy.

Studies conducted on diabetic rats have
demonstrated the beneficial effects of zinc
supplementation in diabetes management [15].
Synthesized zinc complexes have also proven
effective in rodent models of diabetes [16]. Zinc
oxide NPs are widely used in various products
such as baby powder, barrier creams for diaper
rash treatment, antidandruff shampoos, calamine
cream, and antiseptic ointments [17, 18]. ZnO NPs
surface capping is one of the valuable methods to
overcome the aggregation of nanoparticles [19, 20].

Conversely, CUR has demonstrated significant
effects on regulating blood glucose levels and
stimulating gastric mucosal production in diabetic
individuals [21]. Turmeric rhizomes have also
exhibited antidiabetic properties, with the alcohol
extract containing active ingredients that lower
blood glucose levels in STZ-induced diabetic rats.
However, CUR is mostly insoluble in water and has
low bioavailability. [22]. To overcome this issue,
nano-formulations of CUR can be developed to
improve its stability and bioavailability. We aim to
develop a potent novel CUR@ZnO NPs to restore
the function of the pancreas in diabetic rats. Our
study will investigate the immunohistochemical
changes of the pancreas, blood glucose levels, lipid
profile, and histopathological lesion scoring to
evaluate the therapeutic potential of CUR@ZnO
NPs in diabetic management.

MATERIALS AND METHODS

Preparation of ZnO NPs
To prepare the ZnO NPs, 2 grams of Zn
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(CH,C00),.2H,0 obtained from Sigma-Aldrich in
the USA, was dissolved in 15 mL of distilled water.
The solution was then stirred at 35°C for 20 minutes
to obtain the zinc acetate solution. In a separate
container, 8 grams of NaOH powder, also obtained
from Sigma-Aldrich in the USA, was mixed with
10 milliliters of distilled water. The NaOH solution
was also stirred at 35°C for approximately 20
minutes to dissolve the powder. The two solutions
were then mixed, and 100 milliliters of ethanol was
slowly added while vigorously stirring the mixture
for about 90 minutes until a milky white solution
was obtained. The solution was left to dry overnight
at 80°C and subsequently calcined in an oven at
250°C for 4 hours to obtain the ZnO NPs. These
methods for obtaining the ZnO NPs were adapted
from previous research conducted in 2016 [23].

Preparation of CUR@ZnO NPs

To obtain the CUR@ZnO NPs, a stock solution
of CUR obtained from Sigma-Aldrich in the USA
was prepared in acetone with a concentration of
2 mg/mL (5.43 mmol). In parallel, 10 mg of ZnO
NPs were dissolved in 1 mL of acetone, and the
CUR solution was added to the ZnO solution. The
resulting mixture was stirred for 24 hours to allow
for granulation and surface adsorption of ZnO and
CUR, resulting in the formation of CUR@ZnO
nanoparticles. The suspension was then subjected
to centrifugation at 6000 rpm, washed three times
with distilled water, and dried under vacuum to
obtain the final CUR@ZnO NPs [24].

Characterization of ZnO and CUR@ ZnO NPs

To analyze the morphology of the prepared
ZnO and CUR@ZnO NPs, transmission electron
microscopy (TEM) was utilized. TEM imaging was
performed using a field-emission gun JEOL2010F
transmission electron microscope operating at 120
kV. A diluted sample solution was deposited on an
amorphous carbon-copper grid and left to evaporate
at room temperature. Fourier transform infrared
(FTIR) spectroscopy was utilized to determine
the functional groups present in the synthesized
CUR@ZnO NPs over a range of 4000-500 cm-1
using a Bruker Vertex 80 spectrometer. Absorption
analysis was also conducted to assess the loading
of CUR@ZnO NPs, with all spectra being obtained
between 200-800 nm wusing a Perkin Elmer
Lambda 40 spectrometer. The crystal structure of
the CUR@ZnO was established through powder
XRD analysis using the X-ray diffractometer

Nanomed Res J 8(2): 149-160, Spring 2023
(@)or |



G. El-ghannam et al. / Pancreas recovery in diabetic rats after low dose curcumin@ZnO nanoparticles

system X'Pert3 Powder from PANalytical in the
Netherlands. The X-ray source was a Cu target
(Cu Kal), and measurements were conducted at
room temperature with continuous scan type using
settings of 30 kV and 30 mA. Particle size analysis
was performed using Dynamic Light Scattering
(DLS) measurement with a Malvern Zetasizer
Nano Z8S.

Animal experimental design

Biochemical experimental group design:
Twenty male Wister rats, 2 months old, mean body
weight of 150+ 20 g were preserved according to
the institutional animal care and use committee
(CU-IACUC, Cairo University (CU-I-F-41-22),
faculty of science, Cairo University-Egypt) (see
supporting information). The control group (G1)
was assigned as a reference, while the second group
(G2) was given an oral dose of 1 mg/kg body weight
of ZnO NPs [25]. The third group (G3) received
an oral administration of 1 mg/kg body weight of
curcumin-loaded zinc oxide nanoparticles (CUR@
ZnO NPs). The fourth group (G4) comprised of
diabetic rats induced with STZ and did not receive
any treatment. The fifth (G5) and sixth (G6) groups
comprised STZ-induced diabetic rats, both of
which were orally administered with a 1 mg/kg
body weight dose of ZnO NPs and CUR@ZnO
NPs, respectively, for a period of 30 days using a
stomach tube.

T2DM induction in rats

Type 2 diabetes mellitus (T2DM) was induced
in the rats by administering a single intraperitoneal
injection of STZ (60 mg/kg), which was dissolved
in a citrate solution with a pH of 4.5. After a
fifteen-minute interval, nicotinamide (140 mg/
kg), dissolved in distilled water, was also injected
intraperitoneally [26]. The rats were provided with
a 5% glucose solution to drink overnight. The rats
were considered diabetic when their blood glucose
levels rose above 200 mg/dL on the third day
following the STZ injection.

Immunohistochemistry

Immunohistochemical analysis was conducted
using the methodology described by [27] (see
supporting information).

Evaluation of insulin content in pancreatic islets
In each group, the quantitative immuno-
reactivity was assessed in pancreatic islets [28].
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Immuno-reactivity analysis was performed by
examining 10 microscopic fields per section using
a high-power microscope (400x magnification).
The percentage of cells showing positive staining
(%) was determined using the color deconvolution
feature in Image] 1.52p software (developed by
Wayne Rasband at the National Institutes of Health,
US.A)).

Blood biochemical experiments

Blood samples were collected from the medial
canthus of the eye under anesthesia in a dry and
clean tube. For the determination of blood glucose
levels, samples were collected after 10 days of
treatment and at the end of the experiment.

Glucose

concentration was measured using the
enzymatic colorimetric method with a commercial
kit from Bio diagnostic and Research Reagent
(Egypt), following the procedure described by
Trinder in 1969 [29] (see supporting information).

Lipid profile
Cholesterol

concentration was determined using the
enzymatic colorimetric method with a commercial
kit from Bio diagnostic and Research Reagent
(Egypt), following the procedure described in
Richmond (1973) [30], [31] (see supporting
information).

Triglyceride (TG)

concentration was measured using the
enzymatic colorimetric method with a commercial
kit from Bio diagnostic and Research Reagent
(Egypt), following the procedure described
by Fossati P and Prencipe L. in 1982 [32] (see
supporting information).

HDL-Cholesterol (HDL-c)

concentration was determined using the
enzymatic colorimetric method with a commercial
kit from Bio diagnostic and Research Reagent
(Egypt), following the procedure described by
Burstein M. et al. in 1970 [33], [34] (see supporting
information).

LDL-Cholesterol

concentration was assayed by the enzymatic
colorimetric method using a commercial kit (Bio
diagnostic and Research Reagent, Egypt) the
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method described by H.Wieland and D. Seidel,
1983 [35], [36] (see supporting information).

Histopathological lesion scoring

At the conclusion of the experimental
period, tissue samples were fixed in formalin and
embedded in paraffin, then cut into 5-micron
thick sections and stained with Hematoxylin and
Eosin [37], [38] for histopathological examination
and morphometric analysis (see supporting
information). Histopathological changes in the
pancreas and liver were assessed using a light
microscope and scored as follows: no changes (0),
mild changes (1), moderate changes (2), and severe
changes (3). The scoring was determined based on
the percentage of tissue showing alterations: <30%
changes were considered mild, 30% to 50% changes
were considered moderate, and >50% changes were
considered severe [39, 40].

Statistical analysis

The data were presented as mean * standard
error (SE). Group differences were analyzed using
one-way ANOVA, followed by Duncan’s Multiple
Range Test using SPSS version 21. A significance
level of P<0.05 was used to determine statistical
significance.

RESULTS AND DISCUSSION
Characterization of CUR@ZnO NPs
UV-Vis and FTIR

The optical absorbance of ZnO NPs is shown
in Fig. (1a) at A_ 360 nm, while that of CUR is at
.. 425 nm. The absorbance of CUR@ZnO lies in
between ZnO NPs and CUR at A 370 nm. The
shift of the absorption band of CUR@ZnO could be
due to the capping of ZnO with CUR.

The loading amount of CUR @ the ZnO NPs
was calculated according to Beer-Lambert law

05 1

(A =¢eCL)at A\ 417 nm as indicated in Ref [41]
(see supporting information). From Fig. (1b),
the absorbance of the supernatant is 0.41 and its
calculated concentration is 7.9*10° mol 1" . The
initial concentration was 1.6*10° mol 1~ '. Thus,
the amount of CUR loaded in the nano-composite
system is 8.1 *10° mol 1" .

The FTIR spectra of ZnO NPs, CUR, and
CUR@ZnO NPs exhibit a broad peak in the range
of 3600 to 3050 cm™, which corresponds to the
stretching vibration of the hydroxyl (OH) group
(Fig. 1c). The IR peaks of ZnO are observed at 520,
910, 1381, and 1548 cm’, as previously reported
[42]. The peak at 2932 cm™ corresponds to the
aromatic C-H stretch vibrations, while the band
at 1636 cm™ is attributed to the C=0O stretching
of CUR, as described in [43]. Additionally, the
C-O-C stretching vibrations are observed at 1024
cm’’. In the FTIR spectra of CUR@ZnO NPs, the
presence of Zn-O bands at 520, 910, and 1381 cm
!, along with the CUR bands showing slight shifts,
confirms the capping of ZnO NPs with CUR.3.1.2.
XRD and TEM.

The XRD of ZnO NPs in Fig. (2a) displays
peaks at 20 31.64°, 34.85°, 36.65°, 46.1°, 57.12°,
63.2°, and 68.9° which correspond to the (100),
(002), (101) (102) (110), (103) and (112) planes of
the hexagonal crystal phase (JCPDF No. 36-1451)
[44].

The average size of the crystal (24+5 nm) was
anticipated by using the Scherrer formula [45],
using the diffraction intensity of (101) peak. The
capping of CUR@ ZnO did not affect the crystal
planes, as seen from the XRD of CUR@ZnO NPs.

Characterization of ZnO NPs was also
performed by TEM to verify the shape and particle
size of Fig. (2b). TEM image show a spherical shape
of ZnO NPs with a mean size of about 30+5 nm for
ZnO NPs.
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Fig. 1. (a) Optical absorbance of ZnO NPs, CUR, and CUR@ZnO NPs, (b) optical absorbance of CUR at initial concentration (CUR
before) and the unreacted CUR (CUR after) in the supernatant after nanocomposite formation, and (c) FTIR spectrum of ZnO NPs,
CUR, and CUR@ZnO NPs.
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Fig. 3. The hydrodynamic diameter (d.nm) of ZnO and CUR@ZnO NPs based on the diffusion of the particles using DLS analysis.

DLS analysis

Fig. (3) showed the distribution profile of ZnO
NPs, and CUR@ZnO NPs via DLS measurement.
The maximum intensity is at 241 and 247.5 nm
for ZnO NPs, and CUR@ZnO NPs respectively.
Comparable results were obtained by [46] for ZnO
Nps (223 nm). They found that the increase in the
size distribution profile of NPs is due to the low
viscosity of water, resulting in high agglomeration
as compared to other solvents like ethylene glycol.

Immunohistochemical analysis of pancreas recovery
and insulin expression in diabetic rats

The control group, the group treated with ZnO
NPs and the group treated with CUR@ZnO NPs
showed a wide range of insulin resistance in all
pancreatic islets (positive anti-insulin immuno-
staining) (Figs. 4a, b, and ¢). In contrast, the STZ-
treated group showed a significant decrease in
B-cells insulin content (Fig. 4d). The group treated
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with STZ followed by ZnO NPs revealed a slight
enhancement of the insulin content related to the
STZ-treated group (Fig. 4e). However, the group
treated with STZ followed by CUR@ZnO NPs
exhibited a progressive improve in the insulin
content of B-cells, reaching levels similar to the
untreated control group (Fig. 4f). The percentage
area + SE of anti-insulin immunostaining in p-cells
for the different treated groups is depicted in Fig.
4g.

Concerning the group treated with STZ then
ZnO NPs there was a mild improvement in both
histopathological alteration and insulin content
of B-cells, while the group treated with STZ then
CUR@ZnO NPs showed obvious amelioration
in the aforementioned symptoms. It is known
that ZnO NPs are antidiabetic agents [47] by
enhancing the release of insulin in rat pancreatic
islets in response to glucose. In addition, natural
plants with antioxidant properties and their main
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Fig. 4. Immunohistochemical staining of anti-insulin in the pancreas. (a), (b), and (c) are the control, ZnO NPs, and CUR@ZnO NPs

treated groups respectively. (d) STZ treated group, (e) group treated with STZ and ZnO NPs. (f) the group treated with STZ and CUR@

ZnO NPs, (g) immunostaining expression of anti-insulin % area + SE in B-cells of different treated groups (Anti-insulin H&EX400),
P value 20.05.
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Fig. 5. Effects of ZnO NPs and CUR@ZnO NPs on blood glucose level of STZ-diabetic-rats.
Data are presented as change + S.E, S.E. Standard Error (means within the same columns carrying different superscripts are signifi-
cantly different at p<0.05).

products are considered useful in the treatment
of diabetes because they prevent oxidative stress
caused by hyperglycemia and have beneficial effects
on glucose metabolism [48]. Thus CUR@ZnO NPs
treatment revealed a strong indication of pancreatic
islet renewal in diabetic rats. Abdel Aziz et al. 2013
[49] had similar results when treating rats with
CUR derivatives for 40 days. This may be linked to
the anti-inflammatory and antioxidant properties
of curcumin [50], and support of the immune
system and pancreatic cells for islet regeneration.
The effects of curcumin on cell growth and stem
cell differentiation may also be implicated.

Biochemical analysis
Effect of CUR@ZnO NPs on the blood glucose level
of rats

T2DM syndromes rely on insulin resistance,
chronic hyperglycemia, and variation in protein,
lipid, and carbohydrate metabolism [51]. It can also
occur when the insulin receptors block the action
of insulin. The reported enhanced role of ZnO or
CUR in T2DM pathogenesis, in particular through
its effect on insulin synthesis [15, 52] makes the
orally administered CUR@ZnO NPs a promising

Nanomed Res J 8(2): 149-160, Spring 2023
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T2DM therapeutic agent due to the easy passage
through the biological membranes [14, 53]. The
effects of ZnO NPs and CUR@ZnO NPs on blood
glucose concentration of STZ-diabetic-rats is
shown in Fig. (5).

Following STZ administration, blood glucose
levels in untreated diabetic rats (G2) remained
constant over the study period. These levels were
significantly higher (p< 0.05) compared to the
nondiabetic control group (G1l). However, the
administration of ZnO NPs (G3) and CUR@ZnO
NPs (G4) effectively reduced the elevated glucose
levels in diabetic rats. Notably, treatment with
CUR@ZnO NPs normalized the glucose levels
to values comparable to the control group. The
increase in blood glucose in diabetic rats is due
to STZ-induced destruction of pancreatic B-cells,
which leads to production of reactive oxygen
species and oxidative stress. Furthermore, STZ
may cause damage to the DNA of pancreatic islet
cells. Previous studies have indicated that zinc
enhances insulin release in response to glucose
in isolated rat pancreatic islets [52]. CUR may
also contain chemicals capable of modifying or
stimulating insulin receptors, altering the structure
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Fig. 6. The effect of ZnO NPs and CUR@ZnO NPs on the lipid profile of STZ-diabetic rats.

Data are presented as change + S.E, S.E. Standard Error (means within the same columns carrying different superscripts are signifi-

cantly different at p<0.05).

of glucose transport proteins, and suppress insulin
antagonists in the body [51]. The obtained standard
error (S.E.) values support these interpretations of
the data. There is evident variation in the S.E. values
among the initial glucose-treated groups (G2, G3,
G4) compared to the control group (G1). However,
this variation tends to decrease after treatments,
especially with STZ/CUR@ZnO NPs (G4) and
then STZ/ZnO NPs (G3). On the other hand,
the S.E. values for the STZ group (G2) continue
to increase due to uncontrolled blood glucose
levels. Statistical analysis reveals that means with
different superscripts within the same column are
significantly different at p<0.05.

Effect of CUR@ZnO NPs on lipid profile parameters
of rats

As known, a chronic diabetic state is associated
with dyslipidemia. STZ-treated rats (G2) showed
higher total cholesterol (TC), Triglycerides (TG),
LDL-c, and a significantly lower HDL-c when
compared with the other groups (Fig. 6). Similar
results were obtained by Umrani and Paknikar.
2014 [47].

In contrast, ZnO NPs and CUR@ZnO NPs

156

treated groups (G3 and G4) exerted a significant
decrease in TG, TC, and LDL-c and a marked
increase in HDL-c compared to STZ-diabetic rats
(G2). But, CUR@ZnO NPs evoked better results
compared to ZnO NPs treated rats. Previous
studies revealed the role of dietary CUR in lowering
diabetic rats’ cholesterol through stimulation
of hepatic cholesterol-7a-hydroxylase [53]. In
addition, CUR lowers LDL in diabetic rats by
increasing hepatic LDL receptor number through
stimulation of HMG-CoA reductase activity [54].
However, it was reported that dietary CUR lowers
the lipoprotein lipase enzyme which regulates
the triglycerides level in rats [55]. Thus, TG in
G4 is higher than that of G3. The increase in the
HDL-C level in diabetic rats treated with CUR@
ZnO may be due to the reduction of LDL-C and
the role of CUR in activating the Lpl enzyme and
enhancing insulin to hydrolyze triglycerides [56].
Similarly, ZnO NPs enhance the release of insulin
in diabetic rat pancreas. Consequently, CUR@ZnO
exerted a higher effect than ZnO NPs in improving
the diabetic rats’ lipid profile. The S.E. rate of the
rat’s lipid profile among the control (G1) and STZ-
treated groups (G2, G3, G4) showed variability

Nanomed Res J 8(2): 149-160, Spring 2023
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Table 1. Scoring of histopathological lesions in pancreas and liver of all treated groups

Z TZ/Z: TZ, R
A Control  znONps ~ CUR@ZNO gy, STZIZNO STZICUR®
Lesions G1) G2) NPs (G4) NPs ZnO NPs
(G3) (G5) (G6)
pancreas:
Atrophy and distortion of islets of Langerhans 0 0 0 3 2 0
Vacuolar degeneration of exocrine pancreas 0 0 0 3 2 1
Congestion of interstitial blood vessels 0 0 0 2 1 0
Peri-ductal fibrosis of exocrine pancreas. 0 0 0 3 2 1
Liver:
- Vacuolar degeneration and necrosis of
hepat
- OCYtESC tion of central vei d blood 0 0 0 2 ! 0
g ‘ ongestion of central veins and bloo o 0 0 3 ) 1
sinusoids
. 0 0 0 3 2 1
Portal edema, congestion
R 0 0 0 2 1 0
Portal mononuclear inflammatory cells
0 0 0 2 1 1

infiltration
Bile duct hyperplasia

in the sampling distribution of means. While
means within the same columns carrying different
superscripts are significantly different at p<0.05.

Histopathological lesion scoring of pancreas and liver

Alllesionsin the pancreasand liver wereassessed
based on their severity (see supporting information
of histopathological findings of pancreas and liver
in Figs. S1 and S2 respectively) as shown in Table
(1). The scoring method was formulated as follows:
score 0 = absence of the lesion in all rats of the
group (n=5), score 1= (<30%), score 2= (<30% -
50%), and score 3= (>50%) [39,40].

Pancreas

The pancreas of control, ZnO NPs, and CUR@
ZnO NPs treated groups showed no lesion scoring
as shown in the histological structure of Langerhans
islets and exocrine pancreas (Fig. S1 a-c). This
means that ZnO NPs, and CUR@ZnO NPs are safe
for application in insulin and pancreas recovery in
diabetic patients. The STZ treated group showed
the highest lesion scoring 3 due to atrophy and
distortion of islets of Langerhans islets, peri-ductal
fibrosis of exocrine pancreas, and hyperplasia of
the ductal epithelium (Fig. S1 e-h) [57]. The STZ-
induced diabetic group treated with ZnO NPs
showed moderate lesion scoring due to restoration
of the size of islets of Langerhans with moderate
vacuolation of the exocrine pancreas (Fig. S11). The
STZ-induced diabetic group treated with CUR@
ZnO NPs showed zero to 1 lesion scoring as the
Langerhans islets and exocrine pancreas recovered
and became nearly normal (Fig. S1 j).

Liver: The control, ZnO NPs, and CUR@ZnO
NPs treated groups has no lesion scoring as revealed

Nanomed Res J 8(2): 149-160, Spring 2023
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by the normal histological liver structure (Fig. S2
a-c). In the STZ treated group, the lesion scoring
was 2-3 as hepatocytes revealed the presence
of vacuolar degeneration and necrosis with
congestion of central veins and blood sinusoids as
well as hyperplasia of bile ducts with infiltration of
a few mononuclear inflammatory cells (Fig.S2 d-g)
[58,61]. The group treated with STZ and then ZnO
NPs showed mild improvement of the previously
mentioned lesions (Fig. S2 h). The group treated
with STZ then CUR@ZnO NPs confirmed the
minimum lesion score Zero-1 due to great recovery
of hepatocytes and central vein (Fig. S2 i).

CONCLUSION

ZnO NPs were synthesized by the chemical
reduction method. CUR was then loaded on ZnO
NPs until complete granulation/surface adsorption
of CUR@ZnO. TEM, XRD, FTIR, and UV-Vis
verified the formation of hexagonal ZnO NPs
nanocrystals and the loading of CUR@ZnO NPs.
The immunohistochemical study disclosed that
ZnO NPs are antidiabetic agents by enhancing the
release of insulin in rat pancreatic islets in response
to glucose. However, CUR@ZnO NPs treatment
revealed a strong indication of pancreatic islet
renewal in diabetic rats. Biochemical analysis
illustrated that both ZnO NPs and CUR@ZnO
NPs reduced the blood glucose of the diabetic
rats, but CUR@ZnO NPs treatment rendered the
glucose level to the normal control value after 30
days of treatment (1 mg/kg). Similarly, CUR®@
ZnO NPs exerted a significant decrease in TG,
TC, and LDL-c and a marked increase in HDL-c
more than ZnO-NPs in treated diabetic rats. The
histopathological lesion scoring of the pancreas and
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liver of diabetic rats showed a better recovery in the
case of CUR@ZnO NPs treatment than ZnO NPs
and confirmed the obtained immunohistochemical
and biochemical results. Thus, the best retrieval of
diabetic symptoms was obtained with CUR@ZnO
NPs treatment at a dose of 1 mg/kg for 30 days. This
recommended dose could lead to the production of
an oral drug for permanent diabetic recovery.
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