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Abstract

Background and purpose: Diabetic nephropathy leads to end-stage renal disease. The present study aimed to
evaluate the prophylactic effect of pioglitazone-loaded mesoporous silica and alumina scaffold on renal
function and the underlying mechanisms in streptozotocin-induced diabetic rats.

Experimental approach: The mesoporous nanoparticles were synthesized by chemical methods from
tetracthylorthosilicate and aluminum isopropoxide and characterized by Fourier transform infrared
spectroscopy, X-ray diffraction, and scanning electron microscopy. The soaking method was applied to load
pioglitazone into the mesoporous silica and alumina. Subsequently, the most capable formulation was
evaluated for lipid profile, blood glucose, renal function biomarkers, malondialdehyde, and kidney
histopathological changes in diabetic rats.

Findings/Results: Pioglitazone loaded in the mesoporous included a superior release of about 80%. No
interaction was observed in Fourier transform infrared spectroscopy and X-ray diffraction was shown
crystalline. Scanning electron microscopy showed the size of the nanometer in the range of 100 - 300 nm.
Mesoporous silica containing the drug significantly decreased urinary parameters, triglycerides, low-density
lipoprotein, blood urea nitrogen, blood glucose, malondialdehyde, and creatinine. In addition, it showed
increased high-density lipoprotein, significantly. The renal histopathological changes indicated improvement
compared with the untreated diabetic group.

Conclusion and implications: It was concluded that the mesoporous was potent to serve as a promising drug
carrier and a platform aimed at the delivery of poorly water-soluble drugs for improving oral bioavailability.
Furthermore, it has the potential to provide a beneficial effect on the changes in diabetic parameters.

Keywords. Diabetic nephropathy; Mesoporous alumina; Mesoporous silica; Pioglitazone; Poorly water-
soluble.

INTRODUCTION

The global prevalence of impaired glucose
tolerance is estimated to represent 374 million
in 2019, and it is anticipated to reach 454
million by 2030 and 548 million by 2045 (1).
Complications in the eyes, heart, nerves, and
kidneys in diabetic patients lead to reduced
quality of life and increased mortality and
morbidity rates. Diabetic nephropathy (DN)
exists in more than 40% of patients with
diabetes (2). Chronic kidney failures results in

*Corresponding author: S. Ahmadipour
Tel: +98-6633120242, Fax: +98-6633120240
Email: sacedehahmadipour@gmail.com

DN, leading to chronic kidney disease and end-
stage renal disease, and it ultimately causes
fatality (3). The characteristic features of DN
include severe albuminuria and structural
modifications like the results of end-stage renal
disease requiring dialysis or transplantation
which is an expanding medical issue all over the
world (4).
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The beginning phase of diabetic mellitus is
represented by renal hyperfiltration, which
advances the possible improvement of DN (5).

Thiazolidinediones (TZDs) as
pharmacological agents decrease insulin
resistance directly through the activation of
peroxisome  proliferator-activated  receptor
gamma (PPARY) (6). On the other hand, both
insulin resistance and low-grade systemic
inflammation are associated with
atherosclerotic plaque formation. Therefore,
pioglitazone improves insulin resistance and
reduces systemic inflammation (7,8).

PPARy plays crucial roles in the
differentiation of adipocytes, lipid, and
carbohydrate metabolism Via the transcriptional
regulation of various genes (9).

Pioglitazone is a highly lipophilic class II
drug with poor aqueous solubility (5.32 pg/mL
in distilled water at 27 °C). It possesses low oral
bioavailability (10), which may adversely
affect its dissolution rate (11). The dose of
pioglitazone ranged from 15 to 45 mg/day (12).

Mesoporous materials have positive features
such as the wide surface area and high
porosities, outstanding thermal properties,
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mechanical stability (13), chemically inert, easy

surface  modification, the extraordinary
potential for drug uptake and accumulation
inside pore channels (14), impressive
mesoporous structure, flexible pore

measurement (15), the better control of
accumulation and the capacity of mesoporous
channels to change the crystalline state of the
drug into an amorphous state (14). Therefore,
they are utilized in many applications,
including drug delivery systems (13).
Consequently, utilizing mesoporous
materials as medication transporters can
improve the dissolution rate and stability of
poorly water-soluble medications. The current
study represented a way to deal with creating
and assessing pioglitazone-loaded mesoporous
alumina and silica for improving the solubility
and dissolubility of pioglitazone. Also, the most
capable formulation was tested to investigate
the effect of pioglitazone on renal function and
kidney histopathological changes during the
progression of diabetic nephropathy in
type 1 diabetic rats. Pictorial illustration of the
whole procedure of producing the mesoporous
scaffold and its evaluation are shown in Fig.1.
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Fig. 1. Schematic representation of the procedure of production the mesoporous silica, alumina, and evaluation tests.
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MATERIALSAND METHODS

Chemicals and agents

Pioglitazone was freely provided by Farabi
Pharmaceutical Company (Iran). Pluronic
P127, tetracthyl orthosilicate = (TEOS),
cetyltrimethylammonium bromide (CTAB),
and aluminum isopropoxide were acquired
from  Sigma-Aldrich Company (USA).
Methanol and ethanol were purchased from
Merck Company (USA) and Razi Company
(Iran), respectively. Streptozotocin (STZ) and
the diagnostic kit of malondialdehyde (MDA)
were obtained from Enzo Life Sciences
Company (USA). A glucometer, Accu-check
Go, was taken from Roche Diagnostics
(Meylan, France). Diagnostic kits including
creatinine (Cr), blood urea nitrogen (BUN),
triglycerides (TG), low-density lipoprotein
(LDL), and high-density lipoprotein (HDL)
were provided by Pars Aazmoon Company
(Iran).

Synthesis of mesoporous silica

To synthesize mesoporous silica (MS) the
different amounts of CTAB (0.5 and 1.5 g) were
added to 120 mL of distilled water containing
1.75 mL of NaOH 2 M and stirred. TEOS
(2.335 g) was rapidly added via injection to
clear the solution (16). A white precipitate was
observed after constant stirring at 500 rpm.
Then, the products were isolated by hot
filtration and washed 3 times with the total
volume of water and methanol (5 mL, 1:1). For
1 g of the prepared sample, acid extraction was
performed using a mixture of 100 mL of
methanol and 1 mL of HCI at 60 °C for 6 h
using a hot plate stirrer. Surfactant removed
from solid products was washed with methanol
and water mixture (1:1) and centrifuged (D-
7200 Tuttlingen, Hettich Company, Germany)
at 5000 rpm for 5 min. The prepared
mesoporous was placed in a furnace at 600 °C
for 4 - 5 h to ensure the surfactant removal.

Synthesis of mesoporous alumina

To synthesize the scaffold of mesoporous
alumina (MA) the different amounts of Pluronic
(P127, 0.5 and 1.5 g) were dissolved in 20 mL
of ethanol, and stirred at room temperature for
1 h. Then, 1.0213 and 2.039 g of 98%
aluminum isopropoxide were added, followed
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by 1.6 mL of 70% nitric acid. The prepared
mixtures were continuously stirred at room
temperature for 12 h. Surfactant evaporation
was performed at 600 °C for 4 h in the furnace
(17). After 2 days of aging at room temperature
(27 °C), a light yellow solid was obtained.

Drug loading

The solvent deposition method was applied
to load the drug. First, 20 mg of pioglitazone
was dissolved in 20 mL of ethanol in a sealed
glass bottle; then, a certain amount of the
fabricated MS and MA was added into the
solution with the silica/drug mass ratio of
2:3 (w:w) (18). After gently stirring at room
temperature overnight, the mixture was dried at
35 °C. The drug-loaded MS and MA were
heated to 55 °C for 30 min and placed under
reduced pressure at 40 °C for another 48 h to
ensure the complete removal of ethanol. The
actual drug loadings were ascertained by
extracting an accurately weighed number of
drug-loaded composites with ethanol, followed
by determining drug content using ultraviolet
spectroscopy of 269 nm. All measurements
were carried out in triplicate. The drug
entrapment efficiency (EE) was calculated
using the following equation:

Total drug — free drug

EE (%) x 100

Total drug

Fourier transform infrared spectroscopy

Fourier  transform  infrared  (FTIR)
spectroscopy represents an efficient tool for
identifying types of chemical bonds and
functional groups in a molecule by producing
an infrared absorption spectrum. Samples were
mixed with potassium bromide powder and
compressed to a 12-mm disc by a hydraulic
press at a 10-ton compression force for 30 s.
Afterward, a spectral region of 400 - 4000 cm'!
was scanned (18).

X-ray diffraction

X-ray diffraction (XRD) is a conventional
technique to study and characterize crystalline
materials (11). The sample holder -cavity
of the XRD was filled with the ground sample
powder and then smoothed with a spatula. The
XRD patterns of pioglitazone samples were
obtained using the XRD instrument (Bruker,
Germany).
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Release studies

The pioglitazone released amounts from the
nanoparticles were measured in phosphate-
buffered saline (PBS, 0.01 M, pH 6.0) at 37 °C.
Dialysis bags (cut-off 12 KDa, Membra-Cel
Viskase, USA) were filled with 1 mL of
nanoparticle dispersion and sunk into PBS to
separate the free drug for about 15 min.
Afterward, the bags were transferred to 20 mL
of fresh PBS medium while stirring at a velocity
of 500 rpm. Then, for 2 h at the distinctive
periods, the concentration of the drug leaked in
the medium was assessed by a UV
spectrophotometer at 269 nm. Blank samples
were utilized with the identical method, and
each absorbance of the sample was subtracted
from the drug sample. All measurements were
carried out in triplicate.

Assessment of particle size and zeta potential
of nanoparticles

The mean particle size (z - average) and zeta
potential of MS and MA were measured with a
Zetasizer (Zen 3600, Malvern Instrument Ltd.,
Worcestershire, UK) in deionized water at 25
°C. One mL of samples was sonicated in a water
bath sonication and then measured with
Zetasizer. All measurements were carried out in
triplicate.

Scanning electron microscopy

Scanning electron microscopy (SEM)
(XL 30, Philips Company, Netherland)
examined the morphology of synthesized MS
and MA. A few drops of the MA and MS-
containing drug solution were poured onto the
lamellar and dried at room temperature. The
samples were covered with copper bases and
gold-plated, and then observed using an
electron microscope for their morphology (19).

Animal model

Male Wister rats weighing 200-250 g
provided from the Lorestan University of
Medical Sciences were applied in the study.
The animals were housed in the animal room of
Lorestan Medical Faculty under standard
conditions such as a temperature of 18 - 22 °C,
55 - 65% relative humidity, 12-h light/12-h dark
cycle, and free access to water and a standard
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food regimen. The animal studies were done
according to the Ethics Committee of Lorestan
University of Medical Sciences (Ethic No.
IR.LUMS.REC.1400.211).

The animals were categorized into 5 groups
(n = 6) as follows: (A) non-diabetic group
(normal), (B) diabetic group without any
treatment (control), (C) diabetic group
receiving  subcutaneous = NPH  insulin
(3 units/kg/day) (insulin), (D) diabetic group
receiving the only pioglitazone solution
(30 mg/Kg/day) by gavage (PIO), and (E)
diabetic group receiving solution containing
pioglitazone loaded in mesoporous
(30 mg/Kg/day) by gavage (PIO-MS).

STZ dissolved in 50 mM sodium citrate
buffer (pH 4.5) was injected in a single dose of
50 mg/kg (intraperitoneally) to induce a
diabetic model (20). For preparing the buffer
solution with pH 4.5, 0.244 g of sodium citrate
was dissolved in 10 mL of distilled water and
nitric acid (0.5 g/1 mL) to make the buffer and
then was tested with a pH meter (21). Five days
after the STZ injection, blood samples were
drawn from the rats’ tail veins, and glycemic
measurements were performed by the
glucometer to determine whether the rats were
diabetic. Rats with blood glucose levels > 300
mg/dL. were considered diabetic (21) and
included in the study. To ensure the induction
of diabetic nephropathy, the animals did not
receive any treatments for 4 weeks after the
injection of STZ. They were then subjected to
the experimental groups. Afterward, the
animals received the respective treatments for
an additional 4 weeks. The total duration of the
study was considered 8 weeks. The cages were
cleaned and the water bottles were changed
during the time.

Sample preparation

The parameters including body weight,
water intake, and 24-h urine output in the 0%,
4t and 8" weeks after STZ injection were
measured. For urine collection, the rats were
individually kept in the metabolic cages for
24 h. For measuring blood chemical parameters
0, 4, and 8 weeks after STZ injection, the rats
were anesthetized by ether, and the blood
samples were taken from femoral vein.



Measurement  of
parameters

The blood samples were centrifuged at
3000 rpm for 15 min (D-7200, Hettich,
Tuttlingen, Germany), and the supernatants
were used to measure Cr, BUN, LDL, HDL,
TG, and MDA. The urine samples were
measured for urine volume, sodium, and
potassium. The measurements were performed
based on the instructions written in the
diagnostic kits. In addition, the fasting blood
glucose (FBG) levels were determined by the
glucometer at 0, 4, and 8 weeks after STZ
injection via the blood tail vein.

urinary and blood

Histological analysis

At the end of 8 weeks, the animals were
killed, and the left kidney tissues removed were
fixed by immersion in 10% formalin solution
for at least 24 h. The specimens were
dehydrated and embedded in paraffin blocks.
The sections were made perpendicular of the
defects and decreased to a 5-pum thickness using
micro grinding. The specimens were stained by
hematoxylin and eosin (H & E) method
according to the general protocol (20). The
glomerular cross-sectional area of 20 glomeruli
randomly selected in each rat was measured by
scanning the outer cortex with a computer-
aided manipulator. Renal tissue samples were
examined for histopathological parameters
such as changes in glomerular and Bowman
capsule sizes, the attachment of glomerular
tubule to Bowman capsule, mesangial matrix,
and capillary wall thickening. A professional
pathologist in a single-blind procedure
histologically assessed the specimens using a
light microscope (Olympus, Tokyo, Japan).

Statistical analysis

SPSS statistical program (version 19) was
used to examine the mean differences among
the groups. The data were expressed as mean =+
SD. Paired T-test was used to compare urinary
and blood parameters, and body weight among
0, 4, and 8 weeks in each group. To analyze data
among groups one-way analysis of variance
(ANOVA) followed by the Tukey post-test was
applied. GraphPad Prism software (version 8)
was used for the dissolution of pioglitazone
analysis and the generation of dissolution
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graphs. P < 0.05 was considered the significant
difference.

RESULTS
Characterization of the MA and MS
FTIR study
The IR spectrum of the pure drug

showed that the presence of a peak at
846.72 cm represented aromatic C-H,
1153 cm' C-O-H deformation, 1240.18
and 1315.4 cm! corresponded to the C-CH3,
1510.21 cm™ corresponded to the S=O, and
1683.21 cm!due to NH-C=O group. To
investigate the interactions of materials,
formulations containing more surfactant were
investigated (1.5 g CTAB and 1.5 g P127).

As shown in Fig. 2A, the strong absorbance
at 1082 cm™! was attributed to the silica’s Si-O
stretch, and the absorbance at 1635 and
3419 cm™! was assigned to the surface hydroxyl
groups of MS. The signals corresponding to the
Si-OH represented a signal at 810 c¢cm™!, as
depicted in Fig. 2A. To clarify, the FTIR
spectrum of pioglitazone (pure drug) was
compared with the FTIR spectrum of
formulations containing pioglitazone illustrated
in Fig. 2B. The comparison noted the same
peaks of pioglitazone in the spectra. Figure 2C
showed that broadband 3400 - 3500 cm™' was
assigned to the stretching vibration of the OH
group bonded to Al cation, and the peak of
1606 cm™ corresponded to water hydration.
The shoulder band 1400 cm™! corresponded to
the -NOs3 group from HNO; added for acid
treatment, while the peak at 400 - 500 c¢cm!
assigned the bending vibrations of Al-O.
Figure. 2D showed that drug-related peaks
remained unchanged after aluminum loading
(PIO-MA). In addition, no interactions were
observed between pioglitazone and MS or MA
(Fig. 2B and 2D).

Powder XRD of MA and MS

The drug-loaded sample was recorded to
decide whether the XRD pattern of the drug was
considered crystalline. The XRD pattern of the
drug showed that it was highly crystalline, as
demonstrated by the various sharp peaks
(Fig. 3A). To check the crystallinity,
formulations containing more surfactant were
investigated (1.5 g CTAB and 1.5 g P127).
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Fig. 2. FTIR spectrum of the (A) MS; (B) PIO-MS; (C) MA; (D) PIO-MA. MS, Mesoporous silica; MA, mesoporous

alumina; PIO-MS, pioglitazone-loaded mesoporous silica; PIO-MA, pioglitazone-loaded mesoporous alumina.

The peaks represented that the silica (Fig. 3B) became crystalline (Fig. 3D and 3E), and
and aluminum (Fig. 3C) structures were PIO-MS nanoparticles showed more sharp peaks
amorphous. After drug loading, nanoparticles and crystallinity than PIO-MA (Fig. 3D and 3E).

465



Varshosaz et al. / RPS 2024; 19(4): 459-474

A
1600 1
900 +
=
£ 400 4
= il | '
i 1) |
| W | |I \ .' ',iwfkﬂih?.‘r""‘\l
| 'Rl
100 i I“.'lll JD { ;ﬁ "‘L( w’
U 4 !
| f'i" ,:jﬂ'.*:
[
'ﬂl*'*w
| s L I
10 20 30 40
26 (degree)
B
700 1 . ¢
600 1
500 4 il 1}
% z :u r( ‘W}
- | - )
g 400 g ] ) W
: i |k «
E 300 - 1 ‘J
2 | E 100 1 !
200 4
100 l
\AWW%WWMMM‘MM*H’W
O SrrerepTTRTTTIITTTTTYYYTTITITTYYTY |khALAAAA LAAA LA L [ L L L L LR ML L LU L R L L L L
4 10 20 30 40 50 60 70 80 5 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)
42 E
20 4000—
400 ]
- 3000
g =
é 300 g
.‘%‘ ; 2000
] =
| 5
= 200 4 E ]
1000 ;
1 |
_ | (VR WL R S T P
0 T 0 ninsar
6 10 20 30 40 50 60 70 80
26 (degree) 26 (degree)

Fig. 3. XRD spectrum of (A) pioglitazone; (B) MS; (C) MA; (D) PIO-MS; and (E) PIO-MA. MS, Mesoporous silica;
MA, mesoporous alumina; PIO-MS, pioglitazone-loaded mesoporous silica; PIO-MA, pioglitazone-loaded mesoporous
alumina.
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Fig. 4. Scanning electron microscopy from pioglitazone, PIO-MS, and PIO-MA. MS, Mesoporous silica; MA,
mesoporous alumina; PIO-MS, pioglitazone-loaded mesoporous silica; PIO-MA, pioglitazone-loaded mesoporous

alumina.

Table 1. Particle size, zeta potential and entrapment efficiency of MS and MA.

MS MA
Particle size (nm) 178.2+£2.36 25424321
PDI 0.355+0.02 0.345+0.01
Zeta potential (mv) -36+24 -382+3.1

(0.5 g CTAB) 32 +£5.3

Entrapment efficiency (%) (1.5 ¢ CTAB) 58 £ 6.7

(0.5gP127) 19+ 3.8
(1.5gP127)39+4.3

Data were shown as Mean + SD, n = 3. MS, Mesoporous silica; MA, mesoporous alumina; PDI, polydispersity index; CTAB.

cetyltrimethylammonium bromide; P127, pluronic 127.

Scanning electron microscopy

Figure 4 exhibited the morphology of
samples on SEM. SEM analyzed the
morphology and particle size of pioglitazone
(Fig. 4A), PIO-MS (Fig. 4B), and PIO-MA
(Fig. 4C). SEM micrographs showed that
PIO-MS had a nearly monodispersed spherical
shape with a minimum size of 100 nm and a
maximum size of almost 250 nm (Fig.4.B). The
morphology of synthesized PIO-MA samples
was permeable, with smooth surfaces at the size
of'around 200-300 nm (Fig. 4C). While the pure
drug was observed in the micro range with
various sizes (Fig. 4A).

Drug loading and dissolution quantification
The maximum drug loading by UV method

was 19 + 3.8% for MA (0.5 g P127) and

39 + 4.3% for MA (1.5 g P127). The maximum

drug loading was measured at 32 + 5.3% for
MS (0.5 g CTAB) and 58 + 6.7% for MS
(1.5 g CTAB) (Table 1).

In the dissolution study of PIO and PIO-MA,
an initial burst release pattern of the drug from
the surface was observed for PIO-MA in the
first 15 min including 55 + 7.13% for
1.5 g P127 and 40 + 3.3% for 0.5 g P127. The
release continued to reach around 68 + 5.2% for
1.5 g P127 and 59 £ 5.6% for 0.5 g P127 at2 h
(Fig. 5B). On the other hand, PIO loaded in
MS showed a higher release. The release
was at around 15 + 1.4% for 0.5 g CTAB and
28 £ 1.6% for 1.5 g CTAB in the first 15 min.
In continue, it reached around 80 + 6.21% for
1.5 g CTAB and 59 + 4.4% for 0.5 g
CTAB at 2 h (Fig. 5A). The release of pure
pioglitazone was up 18 + 1.6% at the end
up 2 h (Fig. 5).
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Fig. 5. Dissolution graph of (A) pioglitazone as pure drug and pioglitazone loaded in MS nanoparticles made with 0.5
and 1.5 g CTAB; (B) pioglitazone as pure drug and pioglitazone loaded in MA nanoparticles made with 0.5 and 1.5 g
P127. Data were shown as Mean + SD, n=3. MS, Mesoporous silica; MA, mesoporous alumina; PIO-MS, pioglitazone-
loaded mesoporous silica; PIO-MA, pioglitazone-loaded mesoporous alumina; CTAB, cetyltrimethylammonium

bromide; P127, pluronic 127.

Particle size and zeta potential

Because the drug release results from the
nanoparticles showed that the formulations
containing more surfactant loaded and released
more drugs, the particle size and potential
measurements were performed on the
nanoparticles. The obtained particle size of MS
and MA indicated 178.2 = Y,¥1 nm (1.5 g
CTAB) and 254.2 + 3.21 nm (1.5 g P127),
respectively (Table 1).

The polydispersity indices (PDI) of the
nanoparticles studied in the current research
were 0.35+£0.02 (1.5 g CTAB) and 0.34 + 0.01
(1.5 g P127) for MS and MA, respectively.

Zeta-potential value was negative in all
samples, including 31 - 40 Mv for MS (1.5 g
CTAB) and 30 - 44 Mv for MA (1.5 g P127).

Factors examined in animals

According to the results, MS had a smaller
size and more loading, and the drug could be
released for a longer time. Therefore, only MS
loaded with the drug (PIO-MS, 1.5 g CTAB)
was used in all animal stages to check the
effectiveness.

Physical parameters

Data were obtained at the 0%, 4% and 8t
weeks after STZ injection. The body weight in
diabetic rats without treatment was notably
lower than the other groups in the 8" week.

468

Also, the body weight remarkably was different
between before and after treatment in treated
groups. Body weight in the normal group
increased dramatically in the 8" week
compared with the 4% week, and weight
gain increased considerably in the insulin
group compared with the control group
(Table 2).

Urinary parameters

The results of various urine parameters for
each group were presented in Table 2. Urine
volume in the normal group did not
significantly change throughout  the
experiment. After STZ injection, urine volume
was significantly increased in all diabetic
groups before treatment (4™ week). The control
group had more urine volume compared with
the normal group. Urine volume decreased in
insulin and PIO-MS treated groups compared
with before treatment (4" week) as well as in
comparison to the PIO group, significantly.

The wurinary potassium and sodium
concentrations were significantly higher in the
control, insulin, and PIO groups than in the
normal group, significantly. The insulin and
PIO-MS  groups considerably exhibited
decreasing in the urinary concentrations than
before treatment (4" week). Although, such
observation was not seen in the control and
PIO groups.
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Table 2. Urinary parameters and body weight at the 0, 4™ and 8™ weeks in the experimental groups.

Group Time (week)  Body weight (g) Urinevolume (mL/day) Na(mEg/day) K (mEg/day)

0 190.1+3.21 15113 0.54 % 0.05 1.1£0.03
Group A, 201.5+1.15 16.62 = 0.05 0.62 +0.02 1.45+0.01
(normal) .

8 270.8+ 2.14% 12.25 & 1.17bede 1.24 £ 0.01bede 1.65 = 0.03bede

0 187.1+5.11 123+ 1.11 0.33+0.02 1.03 £ 0.04
(Gcg‘:;‘tfol)B 4 208.5+3.02 104.25+ 2.04* 332+021% 431+031%

8 170.51 + 6.11%d 9925+ 3 ]]#ed 4.89 + 0.4]#ce 4.39+ 0.43#ce

0 180.4 +5.21 16.2+2.23 0.34 % 0.02 1.5+0.01
gﬁ?ﬁﬁn)c 4 195.20 +3.21 93.84+1.51% 3.33+0.01* 4.45+0.41%

8 264,542,050 562142 02 abd 1.41 + 0.24%bd 2.02 + 0.23*abd

0 21824422 142+2.12 0.31+0.01 1.22+0.01
g}l‘g‘;’ Dy 2283+6.11 92,62+ 3.5" 3.83+0.22* 3.7140.12°

8 252.1245.04%b 9] 37+ 3 4]#ecd 3.88+ 0.13%ce 3.93+ 0.01#ace
GroupE 0 178.4 + 4.34 15.1+0.61 0.05+0.01 1.11£0.01
(PIO- 4 202.21 + 4.25 94.25+3.33* 3.84+0.41% 3.46+ 0.24#
MS) 8 2448+ 4,040 68234221 abd 1.84 +0.017 1.03 £ 0.03*bd

Data were shown as Mean + SD. Paired T-Test was used to compare differences between weeks in each group. *P < 0.05 shows significant
difference compared to the 0" week; *P < 0.05 versus the 4" week. ANOVA was used to compare differences in the 8" week among groups. P
<0.05 indicates significant difference compared to normal group; °P < 0.05 versus control group; °P < 0.05 versus insulin group (positive control);
4P < 0.05 versus PIO group; °P < 0.05 versus PIO-MS group. P10, Pioglitazone; PIO-MS, pioglitazone-loaded mesoporous silica.

A

Fig. 6. Renal biopsy specimens stained by hematoxylin and eosin staining (magnification x400). (A) Normal group; (B)
control; (C) insulin (positive control); (D) PIO; (E) PIO-MS. MS, Mesoporous silica; MA, mesoporous alumina;
PIO-MS, pioglitazone-loaded mesoporous silica; PIO-MA, pioglitazone-loaded mesoporous alumina.

Blood biochemical parameters MDA notably increased, and the level of

The various biochemical results for HDL  significantly  decreased in the
each group were presented in Table 3. 4" week after induction of diabetes by
Results showed that the amounts of STZ compared to the 0" week in diabetic

blood glucose, BUN, Cr, LDL, TG, and groups.
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Table 3. Levels ol blood biochemical paremnelers al the ¢, 4% and 8% weeks in the experimental groups.

I'G (mg/dL)
6523 522

705+152

LDL (mg/dL)

3812 2.4

MDA (umol/L)

HDL (mmol/L)
3452 532
86.12:+371

BUN (mg/dL)
1243 =153

Cr (umol/L)

Glucose (mg/dL)

80.11+x241
8521 £ 9.07

‘T'ime (weeks)

Groups

0.76 £0.01

0.82
0.74
0.55
3.16
3.63
0.44

4414 £1.23

50

3605 +2.11

0.03

11.83 £ 0.61

3 £2241

-

1

Group A (normal)

6825 £ 2 3]bede
6132 +481
229.75+531

31.32 & 1 .42bcde

3572+£7.11

(0.(Q4bede
0.0

38.11+2.56bde
38.45+532

16.82 + 0.45 bede

1441211

53.12 £ 4.62 bede
4721+421

83.142 £3 51b=de

89.62+512

0

Group B (control) 4

7112 +4.62¢

0.037

3553+ 124
3322+ 4 447
8374+ 6.11

33+021°
4638 £ (.22 acde

1
3

31

11511 +8.11

37543 £4.62

256.75 + 3.83 Facde
61.34+523
247.75 £ 4.61

68.94 & 5.327xde
39224424
7496 £ 4.22¢
4611 +1 1%k
4411+625

7923 £ 1.16°

0.067
0.02

11736 £ 1 647cd=
34.11+2.53

38742 £5.3 Frcde

77.

24+ 1.34

Z

5+661

3

46.64+ 4.32%

88 +0.33°
17 56 £ 0 23k

1. 81+ 0667

£

122094 +281

35272 +£341

4

Group C (insulin)

207 4 £4 6622
58.11+4.44

24491 £5.23

() 93%kd
0.51+0.04

1048

7221+ 1 6274
8523+7723
3828+ 143"

8177 +4 7250
4072 +£4.71

30922 £6 217D
84.11+£733
37622 +£7.26

o
]
Ual

(a8l

3592+022°

3.11=0.81°
2.01% 0.32%bes

11811 +543

4

Group D (PIO)

214.62 + 6,80
61.06 £6.14

4924 + 2 32" e
3372+3.34
75.50 L3.23*

51.05 4+ 2 72" ke
76.1=6.64
36.2212.11%

26.16 £ 0.63"be

136+1.43

87.11 £ 422"

3743+522
13421 1561

33421 £4.23%be

75.

2476 L6.11#
205 81 + 6.56%abd

4636 + 1.52%Hd

0.01

1.22+ 0,717k

3201052

0.06

64.47 + 4.23%bd

511011°
1029 4+ 0.61"3bd

3z

8011 + 5.43%k

4743

3

319.15 +3.53%abd
SD. Paired T-Test was used to compare differences between weeks in each group. *P < 0.05 shows significant difference compared to the 0% week; *P < (.05 varsus the 4% week ANOVA was

36431 10411

used to compare differences m the 8% week among groups. *P < 005 indicates significant difference compared to normal group; BP < 0.05 versus control group; °P < 0.05 versus insulin group (positive control); 2P < 0.05

versus PIO group: *P < 0.05 versus PIO-MS group. PIO, Pioglitazone; FIO-MS, piozlitazcne-loaded mesoporous silica.

Data were shown as Mean

Group E
(PIO-MS)
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The level of MDA in the control group was
significantly different from the insulin group.
Moreover, the comparison between before
(4™ week) and after (8" week) treatment in
insulin and PIO groups revealed decreasing in
MDA, significantly. The level of MDA
decreased in the PIO-MS group significantly
compared with the PIO group.

The parameters decreased in PIO and insulin
groups compared with the control group,
significantly. Furthermore, the serum levels of
BUN, TG, LDL, and blood glucose
significantly decreased in the PIO-MS group in
comparison with the PIO group.

HDL level significantly decreased in
diabetic rats in comparison between 0" and 4t
weeks, yet its level increased in drug therapy
groups (8™ week) considerably compared to
before treatment (4" week). Furthermore, the
PIO-MS group meaningfully had increased
HDL levels compared with the PIO group.

The Cr level decreased in PIO and insulin
groups compared with the control group,
significantly.

Renal histology and morphometric analysis

Glomeruli were effortlessly recognized by
their characteristic circular morphological part
of the peripheral lumen. Figure 6 showed
representative histopathological changes in the
kidney with H & E staining.

The enlargement of the glomerular,
moderate to severe enlargement of the
mesangial matrix, the thickening of basement
membrane and, vascular wall, the narrowing of
capillary space, and the attachment of the
glomerular plexus to Bowman capsule were
observed in the control group compared with
the normal group.

In the insulin group, the reduction in
glomerular size was as close as normal, with a
slight to moderate increase in the mesangial
matrix and the presence of Bowman's capsule
adhesion to the glomerulus.

A moderate decrease in glomerular size, a
slight increase in the mesangial matrix, and the
presence of Bowman's capsule in the glomerulus
were observed in the PIO-MS group.

A moderate increase in the mesangial
matrix, a minimal decrease in glomerular size,
and Bowman's capsule adhesion to the
glomerulus were observed in the PIO group.



DISCUSSION
Diabetes is  associated with  both
microvascular and macrovascular

complications (8). The American Diabetes
Association defined diabetes mellitus (DM) as
a metabolic disease characterized by
hyperglycemia resulting from defects in insulin
secretion, insulin action, or both. The chronic
hyperglycemia of diabetes is associated with
long-term damage, dysfunction, and failure of
different organs, especially the eyes, kidneys,
nerves, heart, and blood vessels. Pioglitazone is
a Food and Drug Administration-approved
TZD derivative and PPARy agonist and used
for the treatment of DM (8).

The present study was designed to evaluate
the effect of pioglitazone on STZ-induced
diabetes in rats regarding their effect on blood
glucose, lipid profile, and kidney function. This
drug is not highly soluble and can be effective
in the amount of absorbed drug; therefore,
mesoporous systems were first used as
solubility enhancers (22). At first, carriers were
prepared to increase drug solubility with
different surfactants to prepare MS and MA
systems. When mesoporous particles are loaded
with a drug, the drug signal confirms that there
is no interference between materials in any of
the formulations (MS and MA). The FTIR
diagram of the calcined porous MS and MA
was consistent with Chen’s (18) and More’s
studies (23).

By increasing the amount of surfactant, the
loading rate of the drug in the mesoporous
cavities increased, which may be related to the
many pores made; consequently, the release
rate of the drug from the cavities increased.
Formulations containing 1.5 g of surfactant
showed more drug loading and release than
formulations containing 0.5 g of surfactant, as
shown in Fig. 5.

The uniform and nano-size of the particles
also were seen in SEM-related images and
made them suitable and desirable. The
nanoparticles increased the surface area that
increased the contact surface of the drug with
the available solvent, resulting in increased
solubility and could be effortlessly released
from the mesoporous structure, and increased
the dissolution rate. The difference in results
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between SEM and Zetasizer was related to the
difference in the hydrodynamic diameter of the
particles.

The XRD pattern of pioglitazone showed
that it was highly crystalline as indicated by the
numerous sharp peaks, and when loaded into
MS, they can retain their crystallinity.
Exhibiting high crystallinity after drug loading
in mesoporous refers to the ability of the drug
molecules to form well-defined crystal
structures within the pores of the silica and
alumina materials (24). This is desirable as it
can enhance the stability, controlled release,
and therapeutic efficacy of the drug. When the
drug molecules are loaded into the pores, they
can experience a confined environment that
promotes their organization and crystallization
(25). The drug molecules may interact with the
surface of the silica material through various
forces such as hydrogen bonding, electrostatic
interactions, or van der Waals forces. These
interactions can lead to the alignment and
ordering of the drug molecules within the pores,
resulting in a highly crystalline structure (26).
The stability and compatibility of the drug with
the MS material can also play a role in
maintaining the crystalline structure (27).
Crystallinity was seen after loading in MS and
MA nanoparticles.

PDI is an essential indicator for showing the
uniform size of nanoparticles, and the results
indicated a small PDI (Table 1). The low PDI
was desirable because higher stability occurred,
and suspended particles were less likely to
accumulate.

The positive or negative zeta potential of
suspended particles prevents the accumulation
of particles (28). It is known that the solids with
stable surfaces can produce zeta potential
between -30 and -50 mV in deionized
water at neutral pH (29). Negative zeta
potential is another factor showing that the
manufactured nanoparticles are stable. Both
MS and MA had a negative zeta potential value,
indicating that the post-synthesis suspensions
were stable, and the negative charge was
because of the silanol and hydroxyl groups.
The results were consistent with Luo’s study
(30) (zeta potential of -30.7mV) and
Das’s study (31) (zeta potential between -27
and -48 mV).
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In general, MS particles showed a smaller
particle size compared to MA particles. In
addition, the particles had highly loaded and
released drugs. Based on the in vitro results
including smaller size, more drug loading and
releasing, and no interference between
materials, MS with more surfactant (1.5 g
CTAB) was evaluated for in vivo experiments.

The investigation of physical factors in
animals presented that the groups receiving
insulin and pioglitazone could increase the
weight of animals. Our results is in line with the
findings of Ko et al. (32) and Hirasawa et al.
(33) who demonstrated dose-related weight
gain in studies performed on pioglitazone in
diabetic nephropathy probably due to fat
accumulation.

The major cation in intracellular fluid is
potassium, while the major cation in the
extracellular fluid is sodium (34). Increased
urinary sodium and potassium indicate renal
failure (35). The groups receiving the treatment
showed that the factors measured in the urine
improved and the results of other studies
confirm this finding. According to Ko (32), and
Afzal’s (35) studies, diabetic rats treated with
30 mg/kg pioglitazone had a significant
decrease in urine volume compared with
diabetic rats with no treatments.

MS containing drugs significantly showed a
decrement in urinary parameters, TG, LDL,
BUN, blood glucose, MDA, and Cr, and an
increment in HDL. Studies attempted to find the
effects of pioglitazone on biochemical factors
in diabetic rats, which represented the
improvement in the factors in rats receiving
pioglitazone (36,37). The current research
revealed that the rats receiving pioglitazone
loaded in nanoparticles mesopore provided a
significant increase in the improvement of
biochemical elements compared with rats
receiving  pioglitazone  alone.  Several
researchers reported increased levels of MDA
in the renal tissues of diabetic rats because of
oxidative stress and the indirect evidence of
free radical production (36-38). The constant
generation of free radicals could prompt tissue
damage by assaulting membranes through the
peroxidation of unsaturated fatty acids (33).
Some shreds of evidence also found that
pioglitazone could reduce MDA, indicating the
anti-inflammatory effects of pioglitazone
(8,33,39). The decreased levels of lipid
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peroxidation might be one of the mechanisms
by which drug treatment could contribute to
preventing diabetic complications (40). Bahriz
et al. demonstrated that pioglitazone administered
by gastric gavage for 4 weeks produced more
improvement in LDL, TG, BUN, Cr, and MDA
levels in diabetic rats (8). Moreover, another
study reported that pioglitazone improved the
levels of glucose, cholesterol, Cr, and TG in
diabetic nephropathy (32). Based on other studies
performed on diabetic animal models,
pioglitazone (30 mg/kg/day) can reduce the levels
of MDA and Cr (41), as well as decrease the
serum levels of BUN and TG, and increase the
levels of HDL (42).

The current research performed a
histological investigation on kidney tissues to
confirm the results. The investigation indicated
that the size of glomeruli and other substantial
parameters in the group receiving pioglitazone
loaded in nanoparticles could significantly
decrease, and reach the normal size. In line with
current findings, other documents reported that
the effect of pioglitazone on kidney tissue
caused an identical effect as well as the same
dose of pioglitazone (33,42,43).

CONCLUSION

Synthesized MA and MS efficiently loaded
the pioglitazone, leading to an enhanced
dissolution rate compared with the pure
crystalline drug. According to the current study
results, PIO-MS may prevent the development
of diabetic nephropathy as well as improve
hyperlipidemia and remarkable kidney function
parameters. The findings suggest that PPARy
agonist ameliorates diabetic nephropathy
through anti-inflammatory mechanisms in type
1 diabetic rats. However, larger-scale
investigations are demanded to determine its
effect on diabetic nephropathy. It is
recommended to measure the effectiveness of
pioglitazone loaded in MA nanoparticles on a
diabetic animal model and compare it with the
present study findings.
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