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Background: The inflammatory basis of diabetes mellitus directed the researchers’ attention
to the immune system for better management and prevention of complications. Metoclopramide
(MCA; the only US Food and Drug Administration-approved for gastroparesis) has the ability
to restore immune function through increasing prolactin secretion. This study aimed to test the
effect of BSA/MCA nanoparticles (NPs) on modulating immune response.

Methods: BSA/MCA NPs were fabricated by desolvation and evaluated in vitro via measuring
loading efficiency, particle size, and surface charge. The selected formula was further
evaluated via differential scanning calorimetry and release behavior. Then, NPs were injected
into rats (25 mg MCA/kg/week) for 3 weeks to be evaluated histopathologically and immuno-
logically via measuring proinflammatory cytokines, such as IL1B, IL6, and TNFc, in addition
to measuring regulatory T-cell frequency.

Results: MCA was successfully loaded on BSA, achieving high encapsulation efficiency
reaching 6312%, particles size of 120—130 nm with good polydispersity, and a negative surface
charge indicating that entire positively charged drug was encapsulated inside NPs. Differential
scanning calorimetry thermography of selected NPs showed an obvious interaction between
components and cross-linking of BSA molecules using glutaraldehyde, resulting in sustained
release of MCA (around 50% within 3 days). MCA NPs significantly restored the immune
response via decreasing proinflammatory cytokines and increasing regulatory T-cell frequency
when compared to control and free MCA (drug not loaded in NPs)-treated groups. Histopatho-
logical examination of this MCA NPs-treated group did not show the characteristic lesions of
diabetes, and apoptosis nearly disappeared.

Conclusion: BSA/MCA NPs could be considered a new modality for treatment of gastro-
paresis, in addition to management of diabetes itself and preventing its complications via an
MCA-immunomodulatory effect.

Keywords: metoclopramide, bovine serum albumin, diabetes, immunity, nanoparticles,
gastroparesis

Introduction

Diabetes mellitus (DM) is a chronic disease, divided mainly into type 1 diabetes
(T1D) and type 2 diabetes (T2D). Autoimmunity is recognized as the main cause
of TID, where the immune system attacks insulin-producing () cells, resulting in
insufficient insulin. However, T2D is associated with inability of the body to use the
produced insulin effectively. Autoimmunity has been reported as an overlapping issue
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between T1D and T2D, due to the presence of circulating islet
autoantibodies, self-reactive T cells, and defects in regulatory
T (T,,) cells of T2D patients.!

For a long time, it has been known that inflammation
is involved in T1D pathogenesis, and currently there is
strong evidence that inflammation also has a critical role
in the pathogenesis of T2D.* T2D has been suggested to
compose the final result of an acute-phase reaction during
which cytokines, including IL1, IL6, TNFa, and IL17, are
released in large amounts, sustaining inflammation.®!" The
uncontrolled inflammation results in pathogenesis of T2D
through tissue destruction and activation of autoimmune
response toward B-cells.!1213

Accordingly, extensive attention has been paid to the role
of the immune system and inflammation in progression and
complications of DM. In general, reduction in inflammation
and restoring normal functions of the immune system should
be kept in mind while controlling DM to decrease the risk
of any further complications.'*"* Metoclopramide (MCA;
dopamine D,-receptor antagonist), which is the only US
Food and Drug Administration (FDA)-approved drug
for diabetes-induced gastroparesis, has been used exten-
sively as an immunomodulating agent, due to its ability
to restore depressed cellular immune function through
increasing prolactin secretion, which consequently affects
cytokine release.'®"®

In this study, we hypothesized that MCA use in DM could
be beneficial in modulating immune response. To test this
hypothesis, diabetic male rats were injected intraperitoneally
with MCA. Serum levels of both proinflammatory cytokines
(IL1B, IL6, and TNFo) and peripheral T, -cell frequency
were measured. Additionally, liver, lymph nodes, and spleen
tissue were histopathologically examined for further support
for this hypothesis.

An additional challenge in this study was combining
the advantage of using MCA as an immunoenhancing
agent and nanotechnology. MCA nanoparticles (NPs) were
encapsulated into BSA, and outcomes of BSA/MCA NPs
were compared with those of free MCA (MCA not loaded in
NPs). The successful implementation of NPs in drug deliv-
ery depends on their ability to penetrate several anatomical
barriers and sustain release of their contents, especially
with drugs of short biological half-life (such as MCA).
Dependently, using MCA NPs, it was possible to decrease
frequency of administration to once a week (25 mg/kg/week).
The use of albumin NPs has several advantages, including
stability in blood, biocompatibility, biodegradability, and

nonimmunogenicity.22

In this work, BSA/MCA NPs were fabricated and evalu-
ated in vitro via measurement of drug-loading efficiency,
particle size, surface charge, and transmission electron
microscopy (TEM). Differential scanning calorimetry
(DSC) and in vitro release also were studied to detect any
interactions between NP components, achieving retarded
drug release from these NPs. Then, the optimized NPs
were injected into rats and evaluated histopathologically
and immunologically.

Materials and methods

Materials

MCA hydrochloride and BSA were purchased from Sigma-
Aldrich (St Louis, MO, USA). Glutaraldehyde was pur-
chased from El-Gombhoria (Cairo, Egypt). Ethanol, sodium
hydroxide, and saline (0.9%) were obtained from El-Nasr
Chemical (Cairo, Egypt). An ELISA kit was purchased from
RayBiotech (Peachtree Corners, GA, USA). Fluorescein
isothiocyanate-conjugated antirat CD4 (Isotype rat IgG,)),
PE-Cy5-conjugated antirat CD25 (Isotype rat IgG,) and PE-
conjugated antirat FOXP3 (Isotype rat IgG,,) were purchased
from eBioscience (San Diego, CA, USA).

Animals

Adult male Wistar rats weighing 200250 g were obtained
from the animal house at Assiut University. All animal exper-
iments were done according to guidelines of the Council for
International Organizations of Medical Sciences, which was
founded under the auspices of the World Health Organiza-
tion (WHO) and United Nations Educational, Scientific, and
Cultural Organization. The study was approved by the ethical
committee of the Faculty of Medicine, Assiut University,
Assiut, Egypt. Rats were housed in clean capacious Macro-
lane cages under standard laboratory conditions, including
a well-aerated room with suitable temperature (25°C+5°C)
and maintained in good light.

Fabrication of metoclopramide

nanoparticles

BSA powder was dissolved in distilled water. The pH of
the solution was adjusted to be in the range of 89 using
0.1 M NaOH. An ethanol solution of MCA (10 mg/mL) was
added dropwise under magnetic stirring into BSA solution.
Excess desolvating agent (ethanol) was added dropwise under
continuous stirring until the appearance of turbidity. After
10 minutes of continuous stirring, 100 uL (8% v:v) glutar-
aldehyde was added as a cross-linker. Overnight stirring at
room temperature was done. MCA NPs were collected via
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Table | Composition of metoclopramide (MCA) nanoparticles

BSA:MCA BSA | MCA | Ethanol Glutaraldehyde
weight ratio | (mg) | (mg) (mL) (pL)

I:1 10 10 Till turbidity 100

21 20 10 Till turbidity 100

4:1 40 10 Till turbidity 100

centrifugation (14,000 rpm, 4°C for 30 minutes). The col-
lected MCA particles were dried by solvent evaporation.
The composition of different MCA NPs is shown in Table 1.

Drug entrapment efficiency and loading
capacity

The amount of MCA entrapped inside the BSA NPs was
determined indirectly. NPs were centrifuged (14,000 rpm,
4°C for 30 minutes) and the supernatant diluted with distilled
water and analyzed spectrophotometrically at 310 nm against
blank prepared similarly (ultraviolet spectrophotometry;
Jenway, Stone, UK). Drug entrapment efficiency (EE) was
calculated according to Equation 1. Drug loading (DL)
capacity was determined via measuring the MCA content
of 1 mL formulation using the supernatant divided by the
total weight of the 1 mL formulation using the dried pellet
via solvent evaporation. DL% was calculated according to
Equation 2.

Total MCA amount — Free MCA amount “

EE% = 100
Total MCA amount
(1)
DL% — Total MCA am01.1nt —Free MCA amount <100
Weight of NPs
(2)

Particle-size and Zeta-potential

measurements

Particle size, polydispersity index and Zeta-potential of
different MCA NPs were measured using a Zetasizer Nano
ZS (Malvern Instruments, Malvern, UK). Pelleted NPs
were diluted with distilled water for size and polydispersity
measurements at 25°C and diluted with 0.05 M phosphate
buffer pH 7.4 for Zeta-potential measurements.

Transmission electron microscopy (TEM)

BSA/MCA NP morphology was revealed by TEM (JEM-
100CX II; Jeol, Tokyo, Japan). Selected NPs were negatively
stained using 2% w:v uranyl acetate solution and deposited
on 200-mesh carbon-coated copper grids. A clear image of

deposited NPs was captured using digital microscopy and
the image analyzed using imaging-viewer software.

Differential scanning calorimetry (DSC)
DSC analysis was performed for selected NPs and compo-
nents to investigate the presence of any possible interactions
(DSC50; Shimadzu, Kyoto, Japan). MCA, BSA, physical
mixture, and selected BSA/MCA NPs were weighed in an
aluminum pan (3—5 mg), then the temperature of all samples
was elevated to 300°C at a constant rate (10°C/min).

In vitro release studies

In vitro MCA release from BSA NPs was carried out in a
release tube capped with a standard semipermeable cel-
lophane membrane at one side.?*2 A selected NP suspen-
sion (1 mL) was placed on the surface of the membrane.
The tube was moved into a container containing 25 mL
PBS pH 7.4, which was placed in a shaking water bath
(50 strokes/minute and 37°C+0.2°C). Released MCA was
calculated by measuring the absorbance of aliquots at 310
nm (ultraviolet spectrophotometry). Kinetic analysis of
release data using the kinetic models zero- and first-order
kinetics and Higuchi and Korsmeyer—Peppas models was
done to determine the exact mechanism of MCA release
from BSA NPs.

In vivo experimental protocol

Animals were divided into four groups (ten each group).
The first group was control nondiabetic rats, the second was
control diabetic rats, the third was MCA-treated diabetic rats,
and the fourth was MCA NP-treated diabetic rats. Induction
of diabetes was done in 1 week, then the third and forth
groups were injected intraperitoneally with MCA (25 mg/
kg/day)** and MCA NPs (25 mg/kg/week), respectively,
for 3 weeks. On the last day of the experiment, rats were
sacrificed by decapitation. Blood samples were collected in
sterile heparinized tubes and examined. The liver, lymph
nodes, and spleen were dissected and fixed in buffered 10%
formalin for tissue histopathology.

Diabetic induction

Diabetes was induced in the rats using streptozotocin
(60 mg/kg intraperitoneally).?® Streptozotocin induces
diabetes within 3 days through damaging -cells. Diabetic
animals were separated from nondiabetic animals and
maintained under feeding and metabolism control. Blood
samples were obtained from the tail vein to detect glucose
levels in rats that exceeded 135 mg/dL.
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Figure | Flow cytometry detection of regulatory T (ng) cells.

Notes: (A) Forward and side scatter histogram depicting lymphocyte population (R1). (B) The expression of CD4 was assessed in the lymphocyte population (R1) and CD4*
T cells were gated. (C) Then, the expression of CD25 and FOXP3* cells on CD4* T cells was assessed to detect CD4*CD25*FOXP3* T, cells.
Abbreviations: SSC, side scatter; FSC, forward scatter; FITC, fluorescein isothiocyanate.

Evaluation of proinflammatory cytokines
in plasma

Proinflammatory cytokines (IL1J3, IL6, and TNFo) were
measured in all groups with the ELISA kit according to manu-

facturer protocols. Kit levels of sensitivity were 80 pg/mL
for IL1, 30 pg/mL for IL6, and 25 pg/mL for TNFo.

Flow cytometric analysis of rat Treg cells
T, cells were assessed in blood by staining blood samples
for 20 minutes at 4°C in the dark with fluorescein isothio-
cyanate—conjugated antirat CD4 (Isotype rat I1gG,, and
PE-Cy5-conjugated antirat CD25 (Isotype rat I[gG, ). Follow-
ing incubation for 15 minutes at 4°C, red blood cells lysis and
washing with PBS were done. Then, fixation, permeabiliza-
tion, and intracellular staining with PE-conjugated antirat
FOXP3 (Isotype rat IgG,,) for 15 minutes were done. After
washing with PBS, flow cytometric analysis was performed
with a FACSCalibur with CellQuest software (BD Biosci-
ences, San Jose, CA, USA). An isotype-matched negative
control was used for each sample. A forward and side scat-
ter histogram was used to define the lymphocyte population
(R1). CDA4* cells were gated, and then CD25 and FOXP3
expression was assessed on CD4* lymphocytes to detect T.,
cells (CD4"CD25'Foxp3°T,  cells), as shown in Figure 1.

Histopathological examination

Fresh specimens from spleen, liver, and lymph nodes of rats
of all experimental groups were collected and fixed in 10%
neutral buffered formalin. Tissue samples were processed
in routine fashion, sectioned at 4 um thickness, and stained
with hematoxylin and eosin (H&E) for histopathological
examination by light microscopy (CX31; Olympus, Tokyo
Japan) and photographed using a digital camera (Camedia
C-506; Olympus).”’

Statistical analysis

All experiments were done at least in triplicate, and results
are reported as mean * SD. Statistical differences among
various treatment groups were assessed. P<<0.05 was consid-
ered statistically significant (Prism 6.0; GraphPad Software,
San Diego, CA, USA).

Results

Drug entrapment efficiency (EE%) and
loading capacity (DL%)

MCA EE was increased with increasing BSA content, reach-
ing 63%12%. EE was significantly higher at BSA:MCA
ratios of 2:1 and 4:1. DL was decreased with increasing
BSA:MCA ratio. Both EE% and DL% are shown in Figure 2.

Particle-size and Zeta-potential

measurements
Figure 3 shows that particle sizes with the different BSA:MCA
ratios were not significantly different. However, these

100 -
CJEeE%
so |EZDL%
60 =
40 =
20 =
0 =
1:1 2:1 4:1

BSA:MCA weight ratio

Figure 2 Entrapment efficiency (EE) and drug loading (DL) of nanoparticles at
different BSA:metoclopramide (MCA) weight ratios.
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Figure 3 Particle size, polydispersity index (PDI), and Zeta-potential of nanoparticles
at different BSA:metoclopramide (MCA) weight ratios.

different BSA:MCA ratios resulted in NPs with good
polydispersity index, ranging from 0.13+0.02 to 0.19+0.01
(Figure 3). The NPs formed were negatively charged, and
surface charge ranged from —3119 to —40+2 mV.

Based on the aforementioned in vitro evaluations for
the different formulated NPs, a BSA:MCA ratio of 2:1 was

A o~

selected for further evaluation, due to its relatively higher
EE and DL values.

Transmission electron microscopy (TEM)
TEM of selected BSA/MCA NPs (Figure 4A) showed
spherical NPs and the particle size of these NPs using TEM
was =100 nm.

Differential scanning calorimetry (DSC)

Thermal analysis of MCA HCI, BSA, physical mixture,
and selected NPs was performed to detect any possible
interactions (Figure 4B). MCA HCI thermography showed
characteristic endothermic peaks at 95°C, 158°C and
185°C. BSA thermography showed characteristic broad
endothermic peaks at 69°C and 210°C. The thermal behav-
ior of the physical mixture of BSA and MCA (1:1) in the
absence of glutaraldehyde exhibited the characteristic
peaks of the two components. However, thermography
of developed NPs did not show endothermic BSA peaks.
Furthermore, shifted endothermic peaks at 58°C and 80°C

were observed.

L4
% ¥ b 500 nm "‘l 100 nm
B
a —— { e
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Figure 4 (A) Transmission electron microscopy of selected BSA/metoclopramide nanoparticles (NPs). (B) Differential scanning calorimetry thermography of individual
components of NPs, physical mixture, and selected NPs: metoclopramide HCI (a), BSA (b), physical mixture of components (c), and selected NPs (d; BSA:metoclopramide

at weight ratio of 2:1).
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In vitro release studies

In vitro MCA release from desolvated BSA NPs was studied
and showed controlled and sustained release behavior. MCA
was released from the NPs at 26%%5% after 24 hours, and
only around 55% had released after 3 days (Figure 5A).
However, the release pattern of free MCA revealed that
around 100% of the drug had been released after 24 hours.
Kinetic analysis of these data showed that the highest cor-
relation was observed with the Higuchi model, indicating that
MCA was released by diffusion (Figure 5B). The diffusion
exponent n of the Korsmeyer—Peppas model was 0.489,
which revealed that MCA release from BSA NPs followed
non-Fickian diffusion.

Effect of MCA and MCA NPs on serum

levels of proinflammatory cytokines

Serum levels of IL1PB, IL6, and TNFo were significantly
higher among control diabetic rats than control nondiabetic
rats (P<<0.001 for all). Serum levels of IL1J, IL6, and
TNFo were significantly decreased in diabetic rats treated
with MCA when compared to untreated diabetic rats

(P=0.01, P=0.04, and P=0.001, respectively). Moreover,
serum levels of IL1PB, IL6, and TNFa were significantly
decreased in diabetic rats treated with MCA NPs when
compared to untreated diabetic rats (P<<0.001, P=0.01, and
P=0.03, respectively). Also, there were significant decreases
in serum levels of IL6 and TNFa in diabetic rats treated with
MCA NPs when compared to free MCA-treated rats (P=0.04
and P=0.01, respectively), as shown in Table 2.

Effect of MCA and MCA NPs on

frequency ofTreg cells
The frequency of lymphocytes was significantly decreased
in diabetic rats compared to nondiabetic rats (P=0.01).
Specifically, the frequency of CD4* T cells was signifi-
cantly decreased in diabetic rats compared to nondiabetic
rats (P=0.012). Additionally, the frequency of T, cells
was significantly lower in diabetic rats than nondiabetic
rats (P=0.04).

Table 2 shows that the frequency of CD4* T cells and Treg
cells was significantly increased in diabetic rats treated with
MCA when compared to the control diabetic rats (P=0.03 and
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Figure 5 In vitro release of metoclopramide from selected BSA nanoparticles (A) and release kinetics of metoclopramide from these nanoparticles (B).
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Table 2 Proinflammatory cytokines, lymphocytes, and regulatory T (Treg) cells in the study subjects
Nondiabetic | Diabetic Diabetic rats | Diabetic rats P2 P Pc ps
rats (n=10) rats (n=10) | treated with | treated with
MCA (n=10) | MCA NPs (n=10)
ILIB, pg/mL 139.53+31.4 912+150 543+94.5 421£90.6 <0.001 | 0.0l <0.001 | ns
IL6, pg/mL 50.23+24.3 920+124 448£110 302.5+65 <0.001 | 0.04 0.0l 0.04
TNFa, pg/mL 56.6+20.5 883.43£90.5 | 509.2+88.12 261.23£59.8 <0.001 |0.001 |0.03 0.0l
Lymphocytes (%) 56.32+2.8 49.21+7.74 53.77£7.39 51.87£8.33 0.01 ns ns ns
CDA4" T cells (%) 39.1£6.50 26.6516.48 35.01%1.22 36.54+2.81 0.012 0.03 0.0l ns
CD4'CD25'Foxp3* T, cells (%) | 1.4130.29 1.06+0.07 1.89+0.37 2.0440.34 0.04 0.0002 | 0.02 0.001

Notes: Data presented as mean + SD. Mann-Whitney test P=<0.05 significant. *Comparison between diabetic rats and nondiabetic controls; "comparison between rats
treated with MCA and diabetic rats; “comparison between rats treated with MCA NPs and diabetic rats; comparison between rats treated with MCA NPs and rats treated

with MCA.
Abbreviations: MCA, metoclopramide; ns, not significant; NPs, nanoparticles.

P=0.0002), respectively. Moreover, the frequency of CD4*
T cells and frequency of T, cells were significantly increased
in diabetic rats treated with MCA NPs when compared to
untreated diabetic rats (P=0.01 and P=0.02, respectively).
However, MCA NPs showed significant increases in only
T, cells when compared to MCA-treated rats (P=0.001).

Histopathological examination

The diabetic rat group showed different lesions in different
organs. Livers showed centrilobular hepatic necrosis and
clear nonstaining vacuoles in hepatic cells, which may
have contained intracytoplasmic material, such as lipids,
Kupffer-cell proliferation in the portal area, and vascular
changes characterized by dilatation and congestion of central
veins and hepatic sinusoids (Figure 6A-D). Apoptosis of
some lymphocytes characterized by cell shrinkage and frag-
mentation of cell cytoplasm appeared in cortical lymphoid

follicles in lymph nodes, accompanied by subcapsular vascu-
lar congestion (Figure 6E and F). Histopathological examina-
tion of spleens showed collagen deposition in different areas
of red pulp (Figure 6G and H).

For the MCA-treated diabetic group, vacuolar degenera-
tion in hepatocytes, which appeared as clear vacuoles, were
detected in moderate distribution in liver tissue (Figure 7A).
Also, Kupffer-cell proliferation was seen in the portal area
(Figure 7B). Congestion of blood vessels associated with
apoptosis in lymphocytes of lymphoid follicles was seen in
most examined lymph nodes in this group (Figure 7C). Focal
areas of hemorrhage accompanied by mild hemosiderosis
were observed in red pulp of spleens (Figure 7D).

The MCA NPs-treated group showed normal radi-
ated hepatic cords (Figure 8A). Examination of lymph
nodes showed follicular hyperplasia with variably sized
reactive germinal centers (Figure 8B). Lymphoid fol-

Figure 6 Histopathological changes in diabetic rats.

Notes: (A) Liver shows centrilobular hepatic necrosis (arrows); (B) liver shows clear nonstaining vacuoles in hepatic cells (notched arrows); (C) liver shows focal areas of
Kupffer-cell proliferation in portal area (star); (D) liver shows dilatation and congestion of central veins and in hepatic sinusoids (arrows); (E) lymph nodes show apoptotic
lymphocytes (arrow); (F) lymph nodes show subcapsular vascular congestion (notched arrow); (G) spleen shows accumulation of collagen deposition in red pulp (star); H&E.
(H) Collagen fibers in spleen confirmed by van Gieson stain.
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Figure 7 Histopathological changes in free metoclopramide-treated group.
Notes: (A) Liver shows clear vacuoles in hepatic cells (arrow); (B) liver shows Kupffer-cell proliferation (notched arrow); (C) lymph nodes show congestion (arrow) and
apoptosis in some lymphocytes in lymphoid follicles (notched arrow); (D) Spleen shows focal areas of hemorrhage (star) and hemosiderosis (arrow); H&E.

i‘,’t 4 )
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> v‘;j .’;:sfv;\ﬁ:" ’?.:’;gs‘ 3
‘-:1\’;*: ‘ et

Figure 8 Histopathological changes in metoclopramide nanoparticle—treated group.
Notes: (A) Liver shows normal hepatic cords; (B) lymph nodes show follicular hyperplasia; (C) lymphoid follicles heavily populated with small lymphocytes; (D) spleen shows
extramedullary formation of hematopoietic cells (arrow) and hemosiderosis (notched arrow); H&E.
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licles were heavily populated with small lymphocytes
(Figure 8C). Extramedullary formation of hematopoietic
cells accompanied with hemosiderosis was very obvious in
red pulp of spleen (Figure 8D).

Discussion

In 2016, DM was classified by the WHO as the seventh-
leading cause of death. Diabetes and its consequences can
be managed with proper medical and physical intervention.
Current antidiabetic medications might be able to ameliorate
disease-induced inflammation via its hypoglycemic effect;
however, this antidiabetic effect is inconsistent.’ Therefore,
targeting the uncontrolled inflammation and improving the
immune response of patients open new venues for better
control of this disease and preventing its progression. Due
to the reported immunomodulatory effect of MCA,'¢"" this
study aimed to test the effects of free MCA and BSA/MCA
NPs on the immune system of diabetic rats via measuring
the levels of IL1B, IL6, TNFo, and T, cells frequency and
additionally, via detection of histopathological changes
on immunity-related organs (such as the liver, spleen, and
lymph nodes).

BSA, which is homologous to human serum albumin, is a
common carrier for many drugs in the form of microparticles
and NPs, due to in vivo stability, low toxicity, nonimmunoge-
nicity, and biodegradability.?® Despite the water-solubility of
MCA, we successfully loaded it on BSA by desolvation fol-
lowed by cross-linking with glutaraldehyde.” Increasing BSA
content showed a positive effect on EE and negative effect on
DL (Figure 2). The positive effect on EE may be attributed
to the well-defined structure of BSA. With fabrication pH
of 8-9, BSA has negatively charged amino groups, which
could electrostatically bind the positively charged aliphatic
amines on MCA. Negative charges (-3149 to —40+2 mV)
on NPs revealed complete drug entrapment (Figure 3).
Additionally, entrapping MCA inside the BSA matrix cross-
linked using glutaraldehyde prevented MCA escape. This
interaction between NP components was also revealed on
DSC thermography (Figure 4B). The thermal behavior of
the physical mixture of BSA and MCA (1:1) in the absence
of glutaraldehyde exhibited characteristic endothermic peaks
of both MCA and BSA, confirming absence of any interac-
tion (Figure 4B). These characteristic endothermic peaks of
MCA (at 95°C, 158°C, and 185°C) correspond to melting of
the hydrated form, recrystallization of an anhydrous form,
and final melting, respectively,’*3? and the characteristic
endothermic peaks of BSA (69°C and 210°C) correspond

to its melting (Figure 4B).>* However, thermography of
BSA/MCA NPs did not show characteristic endothermic
peaks of BSA or MCA, but new peaks appeared, indicating
the interaction between NP components and cross-linking of
BSA molecules using glutaraldehyde (cross-linker), where
it is known that glutaraldehyde changes the thermal proper-
ties and crystallization temperatures of compounds.** As a
consequence of the aforementioned interactions between
NP components, controlled and sustained release of MCA
was observed (Figure 5A) over the faster release rate of the
free MCA (100% release within 24 hours). The selected
ratio (BSA:MCA 2:1) released only half the MCA content
within 3 days, due to slow diffusion from the NP matrix (non-
Fickian diffusion). MCA is considered a suitable candidate
for sustained drug delivery due to its short half-life and has
been incorporated in solid-lipid NPs, which controlled its
release to around 15%—50% over 12 hours.?* Despite high
EE of'these solid-lipid NPs, our BSA NPs were characterized
with fabrication simplicity, slower release pattern, and higher
DL efficiency (10%—24% versus 5%—8%).

Sustained MCA release from NPs in small concentra-
tions resulted in avoidance of most MCA side effects, such
as extrapyramidal symptoms.* The varied particle content
of BSA had a slight effect on particle size (120—130 nm,
Figure 3), similarly to previously reported.***” TEM shed
light on particle morphology (Figure 4A), showing spheri-
cal particles smaller than obtained using light scattering in
solution (12043 nm), which has been attributed to determina-
tion of particle size in the dry form.?® The negative surface
charge resulted in electrostatic repulsion among the formed
NPs, preventing coagulation (polydispersity index <0.2,
Figure 3).%4° Protein—water interactions, which occur at any
pH away from the isoelectric point of BSA (around 4.9), also
decreased the coagulation of formed particles, resulting in
more stabilized NPs in our preparation vehicles (pH 8-9).34!
Small particles (120—130 nm) are beneficial in decreasing
elimination from the body and increasing circulation time.*
Additionally, this size enables good penetration of biologi-
cal barriers and interaction with biomolecules, which pres-
ent in/on the cells, affecting the cellular responses.** These
promising in vitro findings of high EE, small particles and
sustained release encourage us to use BSA/MCA NPs for
further in vivo evaluation.

Currently, diabetes management is focusing on either
optimizing available treatment or developing new anti-
diabetic drugs. MCA, which is the FDA-approved drug
for diabetes-induced gastroparesis, is suggested in this

International Journal of Nanomedicine 2019:14

submit your manuscript

2391

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Abd Ellah et al

Dove

study to be an adjunct for improving diabetes and decreas-
ing its complications via working on the immune system.
The principle behind this suggestion is the reported abil-
ity of MCA to improve inflammation and immune system
dysfunction.'*" This suggestion was supported with our
findings that diabetic rats had significantly higher levels of
TNFa, IL6, and IL 1B but decreased percentage of peripheral
CD4"CD25'Foxp3* T, when compared to nondiabetic rats
(Table 2). T2D is currently regarded as a chronic inflam-
matory disease due to the implication of the inflammatory
system in the pathogenesis of diabetes.** Cytokines, a group
of proteins that are expressed by several cell types, act as
immune mediators and regulators. T cells and cytokines
play important roles in the development of T2D. Moreover,
research has demonstrated that the changes in the number
and functions of T  in the body are closely associated with
the pathogenesis and development of various diabetic com-
plications.* Studies have reported that insulin resistance was
associated with abnormal secretion of proinflammatory cyto-
kines, such as TNFa, IL6 and IL1[3, and decreased production
of anti-inflammatory mediators, such as IL4 and 1L10.%+

When the diabetic rats were injected with free MCA
(25 mg/kg/day) for 3 weeks, serum levels of proinflamma-
tory cytokines (IL1B, IL6, and TNFo) were significantly
decreased and the frequency of CD4* T cell and L cells
was significantly increased when compared to untreated
diabetic rats (Table 2). The obvious MCA-lowering effect
on proinflammatory cytokines is indirect via increased
secretion of prolactin (immunoenhancing hormone).!*#8-5!
MCA (dopamine antagonist) increases prolactin secretion
through blocking D,-receptors, preventing the inhibitory
effect of dopamine (neurotransmitter) on prolactin release.'*5
Prolactin, which is responsible for many physiological
functions, plays an important role in regulation of the
immune system, where it can downregulate the expression
of inflammatory cytokines.!-*?

T, cells, a small subset of T lymphocytes constituting
only 5%—-20% of the CD4* compartment, are thought to be
important to prevent excessive inflammatory responses and
limit tissue impairment.>* > In T2D, T, cells can inhibit the
inflammatory response by various pathways, such as surpass-
ing cytokine secretion, modulating the microenvironment,
and changing the expression of surface receptors.*

Nanomedicine, which is the integration of nanotech-
nology with medicine, has been extensively used to give
an entirely new outlook to current medications. Advan-
tages of NPs, such as sustained drug release, decreasing
frequency of administration, decreasing side effects, and

enabling cellular/molecular interactions due to smallness,
make NPs an eye-catching tool for better management
of diabetes. When diabetic rats were injected with BSA/
MCA NPs (25 mg/kg/week) for 3 weeks, significant results
were obtained. It was found that serum levels of IL1, IL6,
and TNFa were significantly decreased when compared
to untreated diabetic rats, and when compared to free
MCA-treated rats, both IL6 and TNFo showed a significant
decrease (Table 2). Moreover, the frequency of CD4" T cells
and T, cells was significantly increased when compared to
untreated diabetic rats, and these NPs showed significant
increases in T, cells when compared to free MCA-treated
rats. This significant difference produced with NPs, adminis-
tered weekly, as opposed to the free drug, which was admin-
istered daily, could be attributed to the different benefits of
nanotechnology. It was expected that albumin, which has
a long half-life in circulation and has the ability to form
NPs with sustained release (Figure 5A), would increase the
circulation time of MCA.% Long-circulating BSA NPs and
release of small amounts of MCA guarantee that MCA in
small concentrations will be available to work both peripher-
ally and centrally through crossing the blood—brain barrier
and exerting its effect through blocking the D -receptors.®"**
Despite MCA readily crossing the blood—brain barrier, NPs
are considered an efficient delivery carrier to the brain, where
MCA releases gradually from NPs.® Body exposure to small
concentrations of MCA and consequently decreasing side
effects is another advantage of using NPs over free drug.
Parallel to these serum-positive findings using MCA
NPs, histopathological examination of the different animal
groups confirmed the effect of MCA (Figures 6-8). Histo-
pathological examination of diabetic rats showed hepatic
lesions characterized by centrilobular hepatic necrosis, clear
vacuoles in hepatic cells and cytoplasm that may have con-
tained fat, Kupffer-cell proliferation in the portal area, and
vascular changes, similar to typical hepatic lesions found in
some studies.®*%* The liver plays a vital role in regulating
glucose levels in pathological states of diabetes. Inflamma-
tion, and proliferation of Kupffer cells related to the role of
liver in controlling glucose homeostasis by modifying the
expression of hepatokines. Fetuin is one of the hepatokines
that is responsible for increased inflammation and insulin
resistance via inhibiting the insulin-receptor tyrosine kinase
in hepatocytes.®® Also, accumulation of fat in hepatic cell
cytoplasm is a characteristic lesion in diabetic rats. In dia-
betes, the liver usually stops the process of oxidizing fatty
acids and uses them instead to synthesize triglycerides, which
then accumulate abnormally in the liver. Additionally, in DM,

submit your manuscript

2392

Dove

International Journal of Nanomedicine 2019:14


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Abd Ellah et al

insulin deficiency upregulates hormone-sensitive lipase in
adipose tissue, subsequently leading to increased lipolysis
and the circulation of free fatty acids, which then accumulate
in the liver. The hepatic uptake of very-low-density lipopro-
teins increases due to these processes.®¢*

The effect of diabetes on the immune system of rats in our
experiment was demonstrated pathologically by the appear-
ance of apoptotic lymphocytes in large number in lymphoid
follicles accompanied by subcapsular vascular congestion
in lymph nodes. Collagen deposition was observed in dif-
ferent areas in spleen red pulp, which is similar to previous
findings.®® Diabetes decreases immune response, affecting
immune cell function and the structure of immune organs,
causing atrophy.® In diabetes, increasing free-radical gen-
eration stimulates the release of proinflammatory cytokines,
causing stressed lymphocytes and programmed cell death.
TNF causes stimulation of death domains, such as Fas,
which leads to activation of a signal transduction pathway
inducing apoptosis.®*7

In this study, no significant improvement was observed
on histopathological examination of livers or lymphatic tissue
in free MCA-treated diabetic rats, while livers of MCA NPs-
treated rats showed normally radiated hepatic cords without
characteristic lesions of diabetes. There was hyperplasia of
heavily populated lymphoid follicles with variably sized
reactive germinal centers associated with extramedullary for-
mation of hematopoietic cells. Apoptosis nearly disappeared
in this group. These results are in line with previous studies,
which showed that MCA treatment enhanced the depressed
peritoneal and splenic macrophage function. The treatment
of immunosuppressive effects of diabetes depends upon
controlling apoptosis of lymphocytes in lymphatic tissue.”
MCA does not encourage apoptosis or influence the activa-
tion of caspases that complete apoptosis.”> MCA modifies
splenocyte apoptosis and cytokine release in a murine model
of sepsis.'® These encouraging histopathology results could
be attributed to the aforementioned ability of MCA NPs to
improve the immune function via decreasing proinflamma-
tory cytokines and increasing the level of T., cells (Table 2).

Conclusion

NPs have been considered promising drug delivery systems
for the treatment of many diseases. As DM prevalence has
been increasing more rapidly, nanotechnology may provide
better modalities for management of diabetes and prevention
of its complications through reducing inflammation and
restoring normal functions of the immune system. BSA/MCA
NPs were designed and developed to have high DL efficiency,

be small, and sustain the release of MCA from NPs (only
50% MCA content within 3 days).

MCA (dopamine D -receptor antagonist) stimulates the
release of prolactin, which in turns downregulates inflam-
matory cytokines and additionally increases the frequency
of T, cells. BSA/MCA NPs (25 mg/kg/week) injected into
diabetic rats for 3 weeks showed significant reductions in
serum levels of proinflammatory cytokines when compared
to both control diabetic rats and free MCA-treated rats. Fur-
thermore, these albumin NPs showed significant increases
in frequency of T, cells when compared to control diabetic
rats and free MCA-treated rats. Based on the inflammatory
basis of diabetes, immunomodulatory effects of MCA NPs
on diabetic rats could help better control of the disease and
prevent progression. Depending on these findings, imple-
mentation of immunotherapy should be considered in the
management of diabetes.
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