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Abstra

Boschniakine, a bio-alkaloid isolated from the Tecoma stans plant, has been reported to be tradition-
ally utilized for the management of diabetes in model systems through multiple biochemical mecha-
nisms. Studies on boschniakine are sparse, considering that poor absorption, a rapid metabolic rate, and
systemic elimination could limit bio-alkaloids’ pharmacological efficacy. We propose using highly bi-
oavailable boschniakine-solid lipid nanoparticles (Bos-SLNPs) to recognize such limitations. This
study examined the potential molecular mechanisms underlying the anti-diabetic effects of Bos-SLNP.
Bos-SLNP (25 and 50 mg/kg) was evaluated for 30 days for its anti-diabetic activity in streptozotocin-
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induced Type 1 and Type 2 diabetic rats. In addition, the RT-polymerase chain reaction technique was
used to determine the messenger-RNA expression of Interleukin-1, Interleukin-6, and TumorNecrosis

Factor-alpha in renal tissue. Hematoxylin and eosin staining and Western blotting were used to find
differences in the nuclear factor erythroid 2-related factor 2/heme oxygenase/Nuclear factor-kB signal-
ing pathway and how its proteins were expressed. Bos-SLNP treatment increased the expression of
nuclear factors erythroid 2-related factor 2 and heme oxygenase-1 and decreased the expression of Nu-
clear factor-B. This was because Bos-SLNPs have a protective mechanism from their anti-inflammatory
and antioxidant properties. Bos-SLNPs exhibited a protective effect against diabetic nephropathy in rats
induced with streptozocin, possibly via the nuclear factor erythroid 2-related factor pathway 2 / heme

oxygenase 1/ nuclear factor kappa B.
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Rationale, Purpose, and Limita-
tions

Tecoma stans, traditionally used for diabetes
management (Costantino et al., 2003), contain
significant concentrations of boschniakine
chemicals, a naturally occurring pyridine car-
boxaldehyde compound. The molecular mech-
anisms behind boschniakine’s antihyperglyce-
mic properties remain unclear. To address is-
sues of drug-candidate half-life, bioavailability,
and solubility, we coupled boschniakine to
solid lipid nanoparticles. This study aims to de-
termine the attenuating impact of boschniakine-
solid lipid nanoparticles (Bos-SLNPs) on dia-
betic nephropathy induced by streptozot
(STZ) nicotinamide. Additionally, we igges
gate the effect of Bos-SLNPs®@on c
nephropathy (DN) induced by str

(STZ)-cadmium preparations. T{fC\res@gch is

"Addi-

constrained by its restricted

tionally, it is imperative tQ %& cxtended
testing over an extended 0 substanti-
ate these observation qgad vancing to clin-
ical trials.

experts anticipate this number to increase by
2030 (Aziz & Ahsan Ali, 2020). Tangvarasitti-
chai (2015) suggests that the development of
DM may result in the excessive production of
ROS beyond the physiological threshold, nega-
tively impacting the cardiovascular system,
nervous system, kidneys, and eyes. DN is
among several complications associated with
both type 1 and type 2 diabetes, involving
changes in the extracellular matrix of renal tis-
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sues, abnormal mesangial en]
merulosclerosis, and tubuloin
brosis (Das et al., 2021).

The release of heavy@@) the environ-
i t

ment due to huma ripl activity poses a
significant healt . Cadmium (Cd), one

se substantial damage

such heayvy mgés
to the e % arCh indicates that a weekly
intakQ of no mY an 7 ug/kg of cadmium is

nsiqged saje for humans (Satarug et al,
020). heless, concentrations beyond
¢ thresholds may be surpassed due to envi-

al pollution. Streptozotocin (STZ)-
ne rat models are more susceptible to Cd-in-
Wiced kidney damage than control animals
(Gungor & Kara, 2020), and prolonged expo-
sure to Cd has been linked to impaired blood
filtration through the glomerulus (Fujishiro et
al., 2019; Jain, 2020). Consequently, there is a
pressing need for drugs that can lower blood
sugar levels and protect against heavy metal
toxicity. Researchers are actively investigating
the therapeutic potential of plants, leveraging
their bioactive constituents to attenuate diseases
and mitigate the adverse impacts associated
with exposure to toxic metals (Mihailovic¢ et al.,
2021).

To prevent Cd toxicity in diabetic rats, study-
ing immune and inflammatory responses in
STZ-induced rat models is crucial. Nuclear fac-
tor erythroid 2-related factor 2 (Nrf 2) has been
identified as a key biomolecule involved in cell
defense, metabolism, immune response, and
maintaining the cell cycle. Nrf 2 safeguards the
kidneys through the neutralization of ROS, and
the strategic utilization of the Nrf 2/heme oxy-
genase-1 signaling pathway is suggested as an
approach to addressing diabetes nephropathy
(Luo et al., 2022; Ulasov et al., 2022).
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Experimental

Materials and methods
Chemicals and animals

STZ was procured from Sigma Chemical Co.
(St Louis, MO, USA), while rabbit polyclonal
COX-2 antibodies were acquired from Cayman
Chemical Co. (Ann Arbor, MI, USA). Zymed
Laboratories (San Francisco, CA, USA) pro-
vided anti-rabbit, anti-goat, and anti-mouse
horseradish peroxidase-conjugated secondary
antibodies. The ARE oligonucleotide was
sourced from Bionics (Seoul, Korea), and
Amersham Pharmacia Biotech supplied the en-
hanced chemiluminescence (ECL) detection kit
and [y-32P] ATP (Buckinghamshire, UK). All
remaining reagents were obtained in the highest
commercially available purity.

Adult male rats weighing 180-200 g were
sourced from the primate colony at the Univer-
sity of Ibadan’s Department of Veterinary Pa-
thology in Ibadan, Nigeria. These rats received
commercial pelleted food (Ladokun Feeds, Iba-
dan, Nigeria) and free water access. They were
housed under standard laboratory conditions
and exposed to a natural photoperiod of 12 h
light/12 h dark. The humane treatment of all a
imals was ensured following the standardspgpr
laboratory animal management outline
Redeemer’s University Committ® or?@s
for Scientific Research (Number 1 -
less steel cages maintained a cont
ture of 25°C for the animals.

era-
Plant collection

In January 2022, 1 igens of Tecoma

stans (Juss) (Big - ac) were collected at

), Wadan, Oyo State, Ni-

\ uder Road. A voucher

spec as been securely de-
posfy barium of the Nigerian Forest
Resea

Extracti of boschniakine

The dried leaves (500 g) were extracted using
the Soxhlet method with CsHi0O/NH; 15%
(10/90 v/v). After extracting the organic layer
with 4 N HCI (1000 ml), the aqueous phase was
washed with ether (3x200 mL), basified with
30% NHj3, and extracted with CH>Cl, (2x500
mL). The organic layer was then dried
(Na2S0s), and the solvent was removed at de-
creased pressure. The crude alkaloidic fraction
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obtained was subsequently subjected to chro-
matography on silica gel, employing CH,Cl,
and progressively increasing quantities of
CH3;0H (ranging from 0% to 40%). Boschnia-
kine was eluted at 2% CH3;OH (TLC mobile
phase CH»Cl,/CH3OH/NH; 89.5/10/0.5, Rf
0.9). Boschniakine was identified by direct
comparison of the 1H nuclear magnetic reso-
nance (NMR), 13C NMR, and electron ioniza-
tion (EI)-mass spectral results with previously
published data (Costantino et al., 2003).

Boschniakine-solid lipid nanopar;
Preparation
icles (Bos-

Boschniakine-solid lipid
SLNPs) were synthesiz the‘microemul-
sion technique Li et 4. (2 outlined with

slight modificati ture comprising
45.45% polysor 8YH.58% PLPC (1-Pal-
m1toy1— % ycero-3-phosphocho-

subjected to heating in a

onent (7.27%) experienced dis-

tion, with an average melting temperature
0f Q°C. The lipid (7.27%) underwent melting

anP average temperature of 82°C. Subse-

ntly, boschniakine (25 mg) was suspended
in an aqueous phase containing polysorbate 80
and added directly to the melted lipid, achiev-
ing complete dissolution. Magnetic stirring was
employed to generate a transparent microemul-
sion. The resulting mixture was transferred to a
heated microemulsion with an equivalent vol-
ume of cold water (2°C). The procedure was ex-
ecuted under mechanical stirring at a speed of
5000 rpm using an IKA C-MAG HS 7 Magnetic
stirrer for 1.5 hours. The formation of Bos-
SLNPs was observed through the crystalliza-
tion and microemulsion of the heated lipid
droplets. The Bos-SLNP product was refriger-
ated for subsequent investigations.

Characterization studies of Bos-SLNPs

Employing the dynamic light scattering tech-
nique, Nano-ZS ZEN 3600 was utilized to as-
sess the polydispersion (PDI), zeta potential,
mean size, and size distribution of Bos-SLNPs.
Scattering frequency was determined at 90° and
25° angles. The size of the Bos-SLNPs was as-
certained through transmission electron micros-
copy (TEM). The morphology of the Bos-
SLNPs was analyzed using scanning electron
microscopy (SEM).
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Evaluation of Bos-SLNPs encapsulation effec-
tiveness

The methodology outlined by Li et al. [14],
with minor modifications, was employed to de-
termine the encapsulation efficiency of the
nanoformulation, represented as the percentage
of boschniakine entrapped within the nanopar-
ticles. After dissolving 25 mg of Bos-SLNPs in
1 mL of 90% methanol for 5 minutes, the solu-
tion underwent sonication to disrupt the nano-
particles and release the encapsulated boschni-
akine. The resultant solution was centrifuged at
10,000 x g to isolate the supernatant. Quantifi-
cation of boschniakine was conducted by spec-
trophotometric analysis of the supernatant us-
ing a Shimadzu (1601 UV/VIS) spectropho-
tometer.

In vitro Bos-SLNPs release

Bos-SLNPs were subjected to in vitro release
profiling using a dialysis bag technique. In suc-
cinct terms, a 25 mg suspension of Bos-SLNPs
in phosphate-buffered saline (PBS) (2 mL) was
introduced into a dialysis bag with a molecular
weight cutoff ranging from 12,000 to 14,000
Da. The dialysis bag opening was securely fas-
tened with pins and immersed in a bottle con-

continuous agitation at 100 rpm. ¢t 1-lfout

tervals, 1 mL of PBS was withdraw n -

trometric assessments of bosc '"&Were

conducted at 425 nm. Follg '%h with-

drawal, 1 mL of fresh PBS j ced into

the container to maintain itions.
Insulin secretion ydid

RINST cells we
CO, C

at 37°C with 5%
Memorial Institute
included 4.5 g/L glu-

72 hours, the medium was replaced,
and another 48 hours later, the medium without
fetal bovine serum was substituted. Subse-
quently, Bos-SLNPs suspensions in saline were
duplicated and applied to specific wells at final
concentrations of 1, 3, 10, 30, and 100 g/mL.
After 4 hours, cell supernatants were collected,
centrifuged, and stored at -20 °C until further
analysis. The Rat/Mouse Insulin ELISA Kit
(Millipore Corp., MA, USA) was employed to
assess insulin concentration in the supernatants.
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Similarly, insulin secretion was evaluated in
RINS5f cells cultured in RPMI media containing
2 g/L glucose.

Animal treatment

Male albino Wistar rats were procured from
the primate colony within the Department of
Veterinary Pathology at the University of Iba-
dan, Ibadan, Nigeria. These rats were acclima-
tized to a temperature-controlled environment
(25°C) with a 12-hour light/12-hour dark cycle
for 5 days. The animals were provj

obtained in adherence to th
ing the handling of laborat
ified by the Glorious
mittee on Ethics f
proval No. GVU

Induc

al control group (N group, 10 rats), the
ontrol group (D group, 10 rats), the STZ

@i enclamide group (G + D, 10 rats), the STZ
0s-SLNP group at a dose of 25 mg/kg body
taining 50 mL of phosphate buffer saline
7.4) with 1% polysorbate 80, maintained u

-
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weight (D + B group), and the STZ + Bos-
SLNP group at a dose of 50 mg/kg body weight
(D + B group). Type 1 diabetes was induced in-
traperitoneally by administering streptozotocin
at a dosage of 50 mg/kg, prepared in a 0.1 M
citrate buffer with a pH of 4.4 [15]. For the in-
duction of type 2 diabetes, streptozotocin (90
mg/kg) was intraperitoneally administered to
rat pups at 5 days old, and they were allowed to
develop until 12 weeks of age [16,17]. They
were given Cd as CdCl, at 100 ppm concentra-
tion dissolved in drinking water [16]. Animals
displaying hyperglycemia (glucose levels of
250-500 mg/dL) were randomly assigned to
one of the five groups (n = 10). Simultaneously,
the control group (n=10) received an equivalent
volume of citrate buffer.

Single-dose oral glucose tolerance test stud-
ies in types 1 & 2 diabetic rats

For 18 hours, diabetic rats were starved. Oral
administration of Bos-SLNP (5, 25, and 50
mg/kg) and 0.1 M citrate buffer with a pH of
4.4 was used to treat and control rats. Following
1 hour of ether anesthesia, blood samples were
obtained from the retroorbital plexus, and glu-
cose levels were assessed using the Accu-
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Chek® Active Blood Glucose Meter System
(Roche Diagnostics, Manheim, Germany). Sub-
sequently, each rat received an oral glucose
load of 1.5 g/kg body weight (time of admin-
istration recorded as ‘0’ min). Blood samples
were collected at 30-, 60-, and 120-minute in-
tervals, and glucose levels were analyzed.

Repeated-dose studies in types 1 & 2 dia-
betic rats

A citrate buffer solution with a concentration
of 0.1 M and a pH of 4.4 was administered to
nondiabetic and diabetic control group rats.

Bos-SLNP was administered to rats in

the treatment Zroup at doses. Rats were dosed
orally once daily on a bodyweight basis for four
weeks. Food and water intake were monitored
daily. On day 28, blood samples (500 L) were
collected from nonfasted rats 1 hour after treat-
ment, and glucose levels were determined. Cen-
trifugation was used to separate serum (150 L),
which was then kept at -20 °C and tested for in-
sulin levels using a rat insulin ELISA kit. The
following day, rats fasted for 18 hours and were
exposed to an oral glucose tolerance test
(OGTT). At each time point of the OGTT,
blood glucose levels were assessed.

Repeated-dose studies in types 1 & 2 dia-
betic rats °

nondiabetic and diabetic contr rats.
Bos-SLNPs were administe in the
treatment group at dos s Jvere dosed
orally once daily on a basis for four
weeks. Food and wa'

A citrate buffer solution with a conge %
of 0.1 M and a pH of 4.4 was a - to
W

daily. On day 2
collected frongno

rats 1 hour after treat-
were determined. Cen-

following‘day, rats fasted for 18 hours and were
exposed to an OGTT. At each time point of the
OGTT, blood glucose levels were assessed.

Repeated-dose studies in types 1 & 2 dia-
betic rats

The nondiabetic and diabetic control groups
received 0.1 M citrate buffer with a pH of 4.4.
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In the treatment group, Bos-SLNP (adminis-
tered to rats at specific doses). Rats were orally
dosed once daily over four weeks based on
body weight. Daily monitoring included as-
sessing food and water intake. On day 28, non-
fasted rats had blood samples (500 pL) col-
lected 1 hour after treatment, and glucose levels
were determined. Serum (150 pL) was sepa-
rated via centrifugation, stored at -20°C, and
subsequently analyzed for insulin levels using a
rat insulin ELISA kit. The following day, rats
underwent an 18-hour fasting peri
subjected to an OGTT. At each g
ing the OGTT, blood glucose |
ured.

Superoxide dismut@@ catalase

(CAT), and malongial e (MDA) meas-

Anestligsia \ d in the animals via in-
trapeyftoneal stration of thiopental (100
idocaine (10 mL/kg). Subse-
dominal incision was made to
ect blood, and exsanguination was per-
d, Vital organs were extracted for further
1s. Serum triglycerides (TG), non-esteri-
fatty acids (NEFA), and total cholesterol
levels in renal tissues were assessed using
standard kits from the same samples (Randox
Laboratories, Crumlin, UK) (Umrani & Pakni-
kar, 2014). The preserved renal tissue samples
were used to determine the activity of SOD and
catalase using kits from Cayman Chemical (MI,
USA).

gRT-PCR

Total RNA was extracted from kidney sam-
ples prepared using the guanidinium thiocya-
nate reagent. Complementary DNA synthesis
was done through reverse transcription (RT)
following the manufacturer’s protocol. Subse-
quently, we employed a standard in developing
quantitative real-time polymerase chain reac-
tion (QRT-PCR). Gene-specific PCR amplifica-
tion was performed using the ABI 7300 and the
Synergy Brands, Inc. green PCR kit. Relative
gene expression levels were calculated using
the 2-AACt methodology after normalizing to
GAPDH messenger-RNA levels. The following
primers were utilized in real-time PCRs:

Andover House, Andover, MA USA
License: CC BY-NC-SA 4.0



1. TNF-ou:
Forward: 5'-ACTTTGGAGTGATCGGCCCC-3'
Reverse: 5'-TTCTGTGTGCCAGACACCCTA-3'

2. IL-6:
Forward:5'-CCTTCTCCACAATACCCCCAGG-3'
Reverse:5-TGTGCCCAGTGGACAGGTTT-3’
3. IL-1pB:
Forward: 5'-ACCTGAGCTCGCCAGTGAAAT-3’
Reverse:5'-ACCCTAAGGCAGGCAGTTGG-3'
4. GAPDH:

Forward:5-TGGGGTGATGCAGGTGCTAC-3’
Reverse:5'-GGACAGGAAGGCCATACCA-3’

Histopathological changes

The kidney tissue was longitudinally har-
vested, fixed in 4% paraformaldehyde, and sub-
sequently embedded in paraffin. Sections of 4
um thickness were prepared, stained with H&E
staining, and examined under an optical micro-
scope. Deep coronal sections were scrutinized,
and the percentage of kidney involvement as-
sessed the severity of damage. The evaluation,
conducted with the assistance of a microscope,
involved grading based on parameters such as
tubular cell necrosis, cytoplasmic vacuole for-
mation, hemorrhage, and tubular dilatation. The
extent of damage was quantified in ten regio
corresponding to the renal proximal tubules!

data were also analyze OVA to eval-
uate the differenc the groups using
Tukey’s multipl json test (significance

p value 0.0Q

ently investigated for their bio-
onents, particularly in diabetes
ropathy management (Lei et al.,, 2022).

es involving bioactive components

Statistical analysis @
The data were express % SEM. The
usin
{

a
@'ﬂ plants have been proposed to address the
mplexities of diabetes nephropathy. Given

the susceptibility of individuals with diabetes to

cadmium toxicity, focusing on signaling mole-

Western blot ¢ cule responses emerges as a promising ap-

For the western blot analysis, 150 proach to target molecular pathways that medi-

aliquots from the kidney tiss tant ate inflammation and DN (Aziz & Ahsan Ali,

were subjected to separatio d o SDS- 2020; Phoenix et al., 2022). Due to the well-es-

PAGE gel. Inhibition wa with 3% tablished association between inflammation
bovine serum albumingrA /29 0.4% TBST

he membranes
t 4°C with primary
tive TAT-14 Peptide,
d NFKB, followed by
e phosphatase-conju-

for one hour. Subsgguen
were incubated 0 1

antibodies tar

phosphate/itroblue tetrazolium, and the blots
were stained with an anti-actin antibody. Pro-
tein concentrations were normalized relative to
the actin band density. Thermo Scientific Super
Signal West Pico Chemiluminescent Substrate
was utilized to quantify the antigen-antibody
products, and the results were analyzed using a
Fluor Chem system (Sharma et al., 2013).

Prnano.com, https://doi.org/10.33218/001c.xxxx
The official Journal of CLINAM — ISSN:2639-9431 (online)

1199

and diabetes, targeted inhibition of intracellular
signaling pathways involved in the inflamma-
tory response is now considered a promising
strategy for developing molecular target-based
chemopreventive agents (Hu et al., 2021). Con-
sequently, modulation of the cellular signaling
network, specifically the Nrf2/HO-1/NF-kB in-
duction, and activity, is recognized as a novel
paradigm for preventing nephropathy, with this
signaling pathway identified as a key factor in
nephropathy prevention (Heeba et al., 2022;
Ding et al., 2022).

Isolation of boschniakine

Boschniakine compounds were isolated from
Tecoma stans, resulting in a yield of 0.7 g of oil
with purity (determined by GC) exceeding
96%. The specific rotation ([a]) in CHCl; was
measured as +22.58 (C = 1), corresponding to
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an optical rotation of +21°. Infrared spectros-
copy (IR) analysis (Nujol) revealed peaks at
1697 cm™'. Proton nuclear magnetic resonance
(1H NMR) in CDCl; exhibited signals at 1.38
(3H, d, J 6.91), 1.60-1.84 (1H, m), 2.36-2.54
(1H, m), 3.00-3.48 (3H, m), 8.62 (1H, s), 8.83
(1H, s), and 10.23 (1H, s), as per the findings
reported by IMAKURA et al., (1985).

Characterization of prepared Bos-SLNPs

Tecoma stans has a historical application in
modern clinical medicine for diabetes treat-
ment, with Tecomine compounds identified as

the active anti-diabetic fraction of Tecoma
stans (Costantino et al., 2003; Al-Azzawi et al.,
2012; Ha et al., 2022). Boschniakine, an alka-
loid isolated from Tecoma stans, was encapsu-
lated within SLNPs using the microemulsion
technique. The resulting Bos-SLNPs demon-
strated a transparent microemulsion with en-
hanced benefits compared to boschniakine
alone. The morphology and distribution of the
synthesized Bos-SLNPs were assessed through
SEM, TEM, and dynamic light scattering.

Figure 1. (4) SEM micrographs of the Bos-SLIXN) T. EMmage of Bos-SLNPs.

A

40- i
= i
= 30- Al
=2 I
£ 20- |
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= |

10- \
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v ¥ W
100 1000 10000
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Dynamic Light scattering (DLS)

DLS

As depicted in Figures 1A and B and 2A and
B, the Bos-SLNPs exhibited a diminutive, com-
pact spherical structure, featuring an average
particle size of 152.7 + 7.04 nm. The zeta po-
tential was measured at 52.18 + 3.90 mV, and
the polydispersity index (PDI) was found to be
0.692. The encapsulation efficiency of Bos-
SLNPs was determined to be 78.90%. In the
context of Bos-SLNP, Figure 2B illustrates the
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naglic light scattering; SLNPs = solid lipid nanoparticles;, STZ = streptozotocin.

drug release profile over time. The average re-
lease rate of Bos-SLNP during 24 hours was
71.52%, with a rapid release rate of 34.28% ob-
served within the initial 5 hours. Subsequently,
the release percentage exhibited a gradual in-
crease over the 24-hour duration.

Insulin secretion study

Boschniakine-SLNPs were further explored
for their impact on glucose-stimulated insulin
secretion (GSIS). The study revealed that Bos-
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SLNPs increased insulin secretion dose-de-
pendently in the RINS5f cell line, indicating po-
tential insulin secretagogue properties without
inducing hypoglycemia. Administration of
Bos-SLNPs demonstrated a dose-dependent in-
crease in insulin secretion by RINSf cells

treated with a glucose concentration of 25 mM,
compared to untreated cells (observed as a 3.5-
fold increase at 10 pg/mL Bos-SLNP concen-
trations, Figure 3A).

400+ 200+
e L s
2 300 =
< -
K ot - K o
© [T
= 200
c c
> 100- H .
= l -
0- T T T T T
& & & &
o\\ & (} & Q S
© Q ;\Q{‘J Q N Q ”DQ ,\QQ
' 2 S SR
2 & o
oo‘” o"" r-,’% ‘-:"Co 2 fo\/
" QD @0‘ Qp Q;Ov" L)

ifferent concentrations of Bos-SLNPs; cells

Figure 3. Insulin secretion from RINSf cells after 4 h of g/
maintained at (A) 25 mM and (B) 11.1 mM glucose conc )

However, higher concentrations of -
SLNPs (30 and 100 pg/mL) reduced insyd
cretion. Under 11.1 mM glucose Snditi

sulin production by RINSf cells d
nearly constant across a range Qf NP
concentrations (Figure 3B).

Single-dose OGTT studj*™p 1 & 2 dia-

betic rats P

OGTT (TYPE 1)

400

300

o Bos-SLNP (5 mglkg)
& Bos-SLNP (25 mglkg)

Blood glucose (mg/dl)
2 S
S =3
= 1

o

T T T 1
30 60 90 120

Time (min)

o

- Diabetic + Bos-SLNP (50 mg/kg)

Administration of Bos-SLNPs at doses of 25
and 50 mg/kg exhibited a reduction in blood
glucose levels in type 1 diabetic rats at the 30-
and 60-minute time points, as depicted in Fig-
ure 4A. However, statistical significance was
not observed.

OGTT (TYPE 2)

400+

3004

200 -8~ Bos-SLNP (5 mglkg)
& Bos-SLNP (25 mglkg)
100y -+ Bos-SLNP (50 mg/kg)
0 T T T 1
0 30 60 90 120
Time (min)

Figure 4. Oral glucose tolerance ftest results after a single administration of Bos-SLNPs. (4) Blood glucose
levels of type 1 diabetic rats and (B) Blood glucose levels of type 2 diabetic rats.
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Bos-SLNP therapy decreased glucose levels
in type 2 diabetic rats during the OGTT, as il-
lustrated in Figure 4B. In single-dose OGTT
studies, Bos-SLNP administration demon-
strated significant glucose suppression, sug-
gesting anti-diabetic properties. Similar find-
ings were documented by Ramachandran et al.
(2019).

Nonfasted blood
glucose levels (Type 1)

600
400

200

Blood glucose (mg/dl)

Non-fasted blood
glucose levels (Type 2)

300

Blood glucose (mg/dl)

Additionally, Bos-SLNP therapy exhibited a
significant decrease in hyperglycemia in type 2
diabetic rats, showcasing reductions of 29%
and 21% in nonfasted and fasting blood glucose
levels, respectively, at a dose of 10 mg/kg (refer
to Figures 5C and 5D). Administering Bos-
SLNP multiple times to diabetic rats led to more
significant improvements in glucose intoler-
ance compared to single-dose studies, under-
scoring the enhanced effectiveness of multiple

Repeated-dose OGTT studies in types 1
& 2 diabetic rats

In repeated dosing studies, diabetic control
rats demonstrated the anticipated elevation in
fasting blood glucose levels and glucose intol-
erance. The treatment of type 1 diabetic rats
with Bos-SLNPs resulted in a substantial reduc-
tion in both nonfasted and fasted blood glucose
levels, demonstrating reductions of 20% and
26%, respectively, with a 50 mg/kg dose (refer
to Figures 5A and 5B).

Fasted blo
glucose levels

pe

-
o
=}

ood glucose (mg/dl)
]
o

Fasted blood
glucose levels (Type 2)

o]

150
100

50

Blood glucose (mg/dl)

etigactivity of Bos-SLNPs (4 weeks of treatment) in diabetic rats. (A) Nonfasted blood
e 1), (B) fasted blood glucose levels (type 1); (C) Nonfasted blood glucose levels (type 2); (D)
fasted blood glucose levels (type 2)

dosages. Furthermore, the suppression of glu-
cose levels during the OGTT was more pro-
nounced in rats with type 2 diabetes than in
those with type 1 diabetes. This disparity may
be attributed to the lower -cell mass observed
in Wistar rats with type 1 diabetes (Abels et al.,
2022), potentially resulting in diminished
GSIS.

The administration of Bos-SLNP to diabetic
rats resulted in a significant reduction in both
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nonfasted and fasted blood glucose levels. The
decline in nonfasting glucose levels signifies an
augmentation of GSIS. This reduction in non-
fasted glucose levels was more prominent in
type 2 diabetic rats compared to type 1 diabetic
rats and exhibited a direct correlation with ele-
vated serum insulin levels. The observed inhib-
itory effects of Bos-SLNP on glycogenolysis
and gluconeogenesis, activities prominent dur-
ing the fasting state, were indicated by a de-
crease in fasting glucose levels. Consequently,
inhibiting glucagon-stimulated hepatic path-
ways, specifically glycogenesis and gluconeo-
genesis, in the fasting state (Zhang et al., 2022)
contributed to decreased fasting glucose levels.
Comparable observations regarding the anti-di-
abetic activity of berberine-loaded SLNPs were
made by Xue et al. (2013).

The administration of Bos-SLNP to diabetic
rats increased insulin levels, indicative of insu-
lin secretagogue activity. In our investigation,
the observed elevation in insulin levels was no-
tably significant under nonfasted conditions,
whereas no significant change was observed
under fasted conditions. This potential glucose-
dependent secretagogue effect of Bos-SLNP
holds promise, as it may mitigate the risk of hy-
poglycemia. The positive impact of Bos-S
on triglyceride (TG) and nonesterifie
acid (NEFA) levels suggests in®lin-

Superoxide dismutase (SOD), catalase
(CAT), and MDA measurement in renal tis-
sue

The recognized imbalance between oxidants
and antioxidants is acknowledged to induce ox-
idative stress. ROS accumulation can interfere
with polyunsaturated fatty acids, leading to li-
pid peroxidation in renal tissues and eventually
causing damage and toxicity (Allam et al,
2022). Oxidative stress is widely recognized as
the primary cause of complicationsggssociated
with diabetes, including neuropat
al., 2021; Gandhi et al., 202

grade membrane polyuns fatly acids,
generating 4-Hydroxyn n@ NE) and
covalent protein
oxidative stress-1

and catajase &) cial free radical scav-
i stituting the initial defense
i i amage in mammals. Super—

to molecular O, and hydrogen pe-
The relationship between SD,

%; ialdehyde, and DN has been well-estab-

ed. SOD, catalase, and MDA assessments
were employed to evaluate lipid peroxidation.
The induction of STZ significantly diminished
the activity of SD and catalase (p < 0.001), as
outlined in Table 1.

effects in adipocytes. N
Table 1. Effects 9&& s on MDA, SOD, CAT, TG, and Serum NEFA

Treatment ¥’ SOD CAT (U/mg | TG Mg4dL) | NEFA
Groups 2 R (U/mg prot) | prot) (Mg/dL)
Normal Con- /. 79.61 + 17.27+1.72 44.13 +£3.02 0.38 £0.02
trol 3.28
\ JB0:0.10c | 7321+ 1672+2.02c | 38.74+882 | 041+
2.15¢ 0.01c
1’90 + 0.23¢ 78.32 + 17.07 £2.02¢ 40.14 £ 3.22 0.44 +
3.08¢c 0.07c
4.89+0.18z 20.88 + 6.03 + 1.00z 57.65+ 093+
trol 1.04z 6.56z 0.05z
Diabetic + 3.05+0.18a 58.26 £ 10.04 = 1.72a 31.70£2.15 | 0.76 +
Bos-SLNP (25 3.29b 0.06a
mg/kg)
Diabetic + 2.02 +0.50c 72.90 + 14.28 + 1.04b 39.10+£4.82 | 054+
Bos-SLNP (50 3.81c 0.04b
mg/kg)

*Values are expressed as means + SD. Compared with control: zP < 0.001; compared with streptozocin: aP <
0.05, bP <0.01 and cP < 0.001.

MDA = malondialdehyde; SOD, CAT = catalase; TG = triglyceride; NEFA = nonesterified fatty acid.
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Subsequently, Bos-SLNPs at 25 and 50 mg/kg
doses effectively restored superoxide dismutase
and catalase levels (p < 0.05, 0.01, and 0.001).
Moreover, streptozocin therapy led to an in-
crease in MDA levels (p < 0.001). Conversely,
administering Bos-SLNPs at 25 and 50 mg/kg
doses significantly reduced MDA levels (p val-
ues <0.05, 0.01, and 0.001). Similarly, STZ-in-
duced elevations in serum triglyceride and non-
esterified fatty acid (NEFA) levels were ob-
served. However, Bos-SLNPs at 25 and 50
mg/kg doses successfully restored the altered
levels. Catalase, a prominent antioxidant in the
kidneys, is pivotal in eliminating hydrogen per-
oxide and shielding tissues from reactive hy-
droxyl radicals (Ekozin et al., 2022). Past re-
search has demonstrated that catalase defi-
ciency, attributed to peroxisome deficiency, ac-
celerates kidney damage in type 1 diabetes. Our
study affirms the role of Bos-SLNPs in aug-
menting the activity of SD and catalase while

reducing malondialdehyde levels in the renal
tissues of STZ-stimulated rats.

Interleukin-6, interleukin-1, and tumor
necrosis factor-alpha mRNA expression in
response to boschniakine-SLNPs

The mRNA expression levels of interleukin-
6, tumor necrosis factor-alpha, and Interleukin-
1 were significantly heightened (p < 0.001) in
rats treated with STZ compared to control rats.
However, administering Bos-SLNPs to STZ-
pretreated rats significantly de
mRNA expression of interleuki
crosis factor-alpha, and interlely

0.01, and 0.001). Notably, 0 ministra-
tion of Bos-SLNPs di dyke any altera-
tions in the mRNA expgessi interleukin-6,

tumor necrosis fa r interleukin-1, as

Figure 6. Effect of Bos-SLNPs on the expression of inflammatory cytokines (IL-1f, IL-6, and TNF-o) in the
kidney of STZ-treated rats. Quantifications of IL-1§ (A), IL-6 (B) and TNF-a (C). Lane 1, control; Lane 2, Bos-
SLNPs (25 mg/kg),; Lane 3, Bos-SLNPs (50 mg/kg); Lane 4, diabetic control; Lane 5, Bos-SLNPs (25 mg/kg) plus
Diabetic control; Lane 6, Bos-SLNPs (25 mg/kg) plus Diabetic control. Compared with control: “P < 0.001;
compared with STZ: “P < 0.05, >P <0.01 and °P < 0.001.
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Furthermore, the mRNA expression levels of
cytokines in renal tissues corroborated the anti-
inflammatory efficacy of Bos-SLNPs. In the re-
nal tissues of diabetic rats, there was a signifi-
cant elevation in the mRNA levels of interleu-
kin-6, tumor necrosis factor, and interleukin-
1B. However, treatment with Bos-SLNPs re-
sulted in a reduction of these levels to that ob-
served in normal rats. Previous studies have
elucidated the pivotal role interleukin-6 in leu-
kocyte recruitment, apoptosis, and T-lympho-
cyte activation (Belaid et al., 2021; Alam et al.,
2021). Tumor necrosis factor is recognized for
its ability to stimulate the transcription and re-
lease of cytokines and chemokines by neutro-
phils (Eva Sikura et al., 2021). Inhibiting the re-
lease of tumor necrosis factor-o, interleukin-1,
and interleukin-6 may effectively attenuate in-
flammation.

TAT-14 peptide, NF-kB, and heme oxy-
genase-1 proteins expression in response
to Bos-SLNPs

Nuclear factor-xB (NF-kB) is a key player in
the pathophysiology of DN in rats, character-
ized by inflammation and oxidative stress. The

[

expression levels of tumor necrosis factor-al-
pha, interleukin-1, and interleukin-6 positively
correlate with the activation of NF-xB. The up-
regulation of interleukin-10, facilitated by the
ability of heme oxygenase-1 to catabolize free
heme and produce carbon monoxide, under-
scores its inherent anti-inflammatory property.
Nuclear factor erythroid 2-related factor 2
(Nrf2) serves as a pivotal regulator of the anti-
oxidative defense pathway, activated in re-
sponse to diabetes and DN (Wang et al., 2021).
Bos-SLNPs administered at doses and 50

mg/kg exhibited no discernible g the
expression levels of NF-«xB, eptide,
and heme oxygenase-1 in red to the

control group. In contr: ¢ control rats
displayed a s1gn1ﬁcan ncr se in NF-kB ex-
pression, accomp otable decrease in

the expressmn nd HO-1 relative to
contro . However, as depicted
in Fi NPs at doses of 25 and 50

e oxygenase-1 in STZ-induced diabetic rats
ugs of 0.05, 0.01, and 0.001).

NF-xB

Bos-SLNP - 25 0 - 25 0 mg'kg

anallls

teins/ p

Figure 7. Effect of Bos-SLNPs on the protein’s Nrf2, NF-kB, and HO-1 expression in the kidney tissue.
Quantifications of HO-1 (A), NF-kB (B), and Nrf-2 (C). Lane 1, control; lane 2, Bos-SLNPs (25 mg/kg); lane 3,
Bos-SLNPs (50 mg/kg); lane 4, diabetic control; lane 5, Bos-SLNPs (25 mg/kg) plus diabetic control; lane 6, Bos-
SLNPs (25 mg/kg) plus diabetic control. compared with control: *P < 0.001; compared with STZ: °P < 0.05, °P

<0.01 and °P < 0.001.
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Furthermore, the mRNA expression levels of
cytokines in renal tissues corroborated the anti-
inflammatory efficacy of Bos-SLNPs. In the re-
nal tissues of diabetic rats, there was a signifi-
cant elevation in the mRNA levels of interleu-
kin-6, tumor necrosis factor, and interleukin-
1B. However, treatment with Bos-SLNPs re-
sulted in a reduction of these levels to that ob-
served in normal rats. Previous studies have
elucidated the pivotal role of interleukin-6 in
leukocyte recruitment, apoptosis, and T-lym-
phocyte activation (Belaid et al., 2021; Alam et
al., 2021). tumor necrosis factor is recognized
for its ability to stimulate the transcription and
release of cytokines and chemokines by neutro-
phils (Eva Sikura et al., 2021). Inhibiting the re-
lease of tumor necrosis factor-a, interleukin-1,
and interleukin-6 may effectively attenuate in-
flammation.

Nuclear factor-xB (NF-kB) is a key player in
the pathophysiology of DN in rats, character-
ized by inflammation and oxidative stress. The
expression levels of tumor necrosis factor-al-
pha, interleukin-1, and interleukin-6 positively

NORMAL CONTROL

Figure 8. Boschniakine-SLNPs
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correlate with the activation of NF-kB. The up-
regulation of interleukin-10, facilitated by the
ability of heme oxygenase-1 to catabolize free
heme and produce carbon monoxide, under-
scores its inherent anti-inflammatory property.
Nrf2 serves as a pivotal regulator of the antiox-
idative defense pathway, activated in response
to diabetes and DN (Wang et al., 2021).

Previous studies have shown that enhancing
the Nrf2/heme oxygenase-1 pathway inhibits
apoptosis and that Nrf2 can increase heme oxy-
genase-1 expression (Zhang et al., Inrats
with DM, the expression of Nr
ygenase-1 was down-regulat
pression of nuclear factor-
Bos-SLNP treatment inf®a; f2 and HO-1
expression and dect a%—@ activity, indi-
cating that Bos-S ion is based on its
anti-inflamm:; i by decreasing the

y preventing the release
factors and its antioxidant

tivi icl is likely dependent on control-

ng ac L-6, IL-1, TNF, and NF-«xB via

Nrf2/HO-1 signaling pathway in DN in-
cqypy STZ

Bos-SLNP 50 kg/img
. - %
Loy ? .

e
"y

Diabetic + Bos-SLNP 50 ka/mg

(Bos-SLNPs) effect on histop

of kidney sections. The kidney from control revealed normal cell architecture. Diabetic control showed extreme
tubular necrosis, mild glomerular dilation, and interstitial inflammation. Bos-SLNPs 25 and 50 mg/kg (D and E)
revealed normal cell architecture.
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Bos-SLNPs effect on renal tissue histo- Conversely, kidneys from diabetic rats dis-
pathology played pronounced tubular necrosis, moderate
glomerular dilation, and interstitial inflamma-
tion. However, the administration of Bos-
SLNPs mitigated the extent of renal damage in
diabetic control rats, as illustrated in Figure 8.

Histological evaluation utilizing H&E stain-
ing was employed to assess the protective effi-
cacy of Bos-SLNPs against physiological dys-
function. Renal tissue examination in the con-
trol group exhibited a typical cell architecture.

Conclusion

Taken together, the ability of Bos-SLNP to inhibit ROS formation and inflammation is possibly
through the Nrf2/heme oxygenase-1/nuclear factor-«B signaling pathway. In view of the present study,
Bos-SLNPs merit further consideration for exploring clinical application in the chemoprevention of
diabetic nephropathy.
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