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Abstract

Bone marrow-derived mesenchymal stromal cells (BMSCs) have been used for treating inflammatory disorders.
Due to the large size of BMSCs compared to nanoparticles, BMSCs cannot be loaded into the nanoparticles. It
is hypothesized that BMSCs lysate loading into the nanocarriers will effectively deliver cellular contents and
regulatory elements of BMSCs at the injury site. This study aimed to investigate nanostructured lipid carriers
(NLC) loading with BMSCs lysate through basic characterization and morphological analysis. Moreover, this study
was mainly designed to investigate the role of NLC loaded BMSCs lysate in reducing inflammation via in-vitro and
in-vivoassays. The in-vitro study involves cell viability assays, p53, annexin V and VEGF expression through ELISA
and immunocytochemistry, real-time BAX, caspase-3, IL-6, IL-8, TOP2A, PCNA, and Ki-67 gene expression analysis.
Additionally, to evaluate in-vivo anti-inflammatory activity, the carrageenan-induced rat paw oedema model
was used. In-vitro results showed that NLC loaded BMSCs lysate increased cell viability, decreased apoptosis and
pro-inflammatory genes expression and up-regulated angiogenesis and proliferation in H,0, pre-stimulated cells.
Findings of the in-vivo assay also indicated a reduction in rat's paw oedema volume in NLC-loaded BMSCs lysate,
and downregulation of BAX, Caspase-3, IL-6, and IL-8 was observed. Enhanced expressions of TOP2A, PCNA, and
Ki-67 were obtained. Concluding the results of this study, NLC-loaded BMSCs lysate could reduce inflammation
and possibly regenerate damaged tissue mainly via increasing cell viability, angiogenesis and proliferation, and
reducing apoptosis and pro-inflammatory cytokines.

Keywords: lysate, nanostructured lipid carriers, bone marrow-derived mesenchymal stromal cells, anti-
inflammatory activity, carrageenan-induced rat paw oedema.

Resumo

Células estromais mesenquimais derivadas da medula dssea (BMSCs) tém sido utilizadas para o tratamento de
disttrbios inflamatérios. Devido ao grande tamanho das BMISCs em comparagdo com as nanoparticulas, as BMSCs
ndo podem ser carregadas nas nanoparticulas. Supde-se que o carregamento de lisado de BMSCs no nanocarriers
sera eficaz na entrega de contetidos celulares e elementos reguladores de BMSCs no local da lesdo. Este estudo
teve como objetivo investigar a carga de carreador lipidico nanoestruturado (NLC) com lisado de BMSCs através de
caracterizagdo basica e anélise morfologica. Além disso, este trabalho foi projetado, principalmente, para investigar
o papel do lisado de BMSCs carregado com NLC na reducdo da inflamagdo por meio de ensaios anti-inflamatérios
in vitro e in vivo. O estudo in vitro envolve ensaios de viabilidade celular, expressao de p53, anexina V e VEGF
por ELISA e imunocitoquimica e expressdo génica em tempo real de BAX, caspase-3, IL-6, IL-8, TOP2A, PCNA e
Ki-67 . Além disso, para avaliar a atividade anti-inflamatéria in vivo,0 modelo de edema de pata de rato induzido por
carragenina foi utilizado. Os resultados in vitro mostraram que o lisado de BMSCs carregadas com NLC aumentou
a viabilidade celular, diminuiu a apoptose e a expressdo de genes pré-inflamatérios e aumentou a angiogénese e
proliferagdo em células pré-estimuladas com H202. Os achados do ensaio in vivo também indicaram uma redugdo
no volume do edema da pata de rato no lisado de BMSCs carregado com NLC, entretando, foi observada a regulagdo
negativa de BAX, Caspase-3, IL-6 e IL-8. Expressdes aumentadas de TOP2A, PCNA e Ki-67 foram obtidas. Assim,
concluindo os resultados do estudo, é possivel afirmar que o lisado de BMSCs carregado com NLC pode reduzir a
inflamacado e possivelmente regenerar o tecido danificado principalmente por meio do aumento da viabilidade
celular, angiogénese e proliferacdo e reducdo da apoptose e citocinas pré-inflamatorias.

Palavras-chave: lisado, transportador lipidico nanoestruturado, células estromais mesenquimais derivadas da
medula dssea, atividade anti-inflamatéria, edema de pata de rato induzido por carragenina.
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1. Introduction

Inflammation is a complex, dynamic, and natural body
response against harmful infection (Aghasafari et al.,
2019) that may lead to cancer, autoimmune diseases,
or neurodegenerative disorders if it remains unchecked
(Hossen et al., 2017). The prevention of the upregulation
of inflammation reactions could help prevent many life-
threatening disorders (Furman et al., 2019).

Bone marrow-derived mesenchymal stromal cells
(BMSCs) are progenitor cells that have gained much
attention in regenerative medicines (Mohanty et al.,
2020). Nanostructured lipid carriers (NLC) are the latest
advancement of lipid-based particles possessing increased
water solubility of drugs, enhanced drug enclosing
potential, increased durability to carry an additional
quantity of the drug, and minimized drainage of the drug
(Ferreira et al., 2021).

The approximate size of mesenchymal stromal
cells (MSCs) is 17-30 pm (Ge et al., 2014), while the
average size of solid-lipid-based nanoparticles is 10-
400 nm (Yoon et al., 2013). Due to the larger size of MSCs
compared to nanoparticles, they cannot be loaded into
the nanoparticles. It is hypothesized that BMSCs lysate
loading into the nanocarriers would effectively deliver
cellular contents to the injury site. The use of cell lysate
could be an effective cell-free treatment for different
diseases. Without direct contact of live cells on the host
tissue, the treatment of cell lysate exposes the tissue to
various soluble components present in MSCs, e.g., growth
factors, cytokines, and microvesicles holding micro
RNAs (Malik and Malik, 2021; Yeghiazarians et al., 2009;
Malik et al., 2021; Zafar et al., 2022; Afzal et al., 2022;
Noor et al., 2022; Butt et al., 2022). The study aimed to
investigate the loading of NLC with BMSCs lysate and
its role in reducing inflammation in-vitro and in-vivo
for the first time.

2. Materials and Methods

2.1. Animals and their maintenance

In this study, healthy Sprague dawley rats were housed
in the standard living environment. All experimental
procedures complied with the Guide for the care and
use of laboratory animals by the USA National Institutes
of Health (NIH publication number 85-23). More details
have been provided in the supplementary material.

Table 1. In-vitro anti-inflammatory experimental groups.

2.2. Cell culture: culturing of BMSCs and BMSCs lysate
preparation

BMSCs were obtained from the bone marrow of Sprague
dawley rats (weighing 90-150 g) following the method
narrated by Sharif et al. (2007) (See supplementary material
for more details).

2.3. Preparation of Nanostructured Lipid Carriers (NLC)
and NLC-loaded BMSCs lysate

NLC was prepared by a nanotemplate engineering
technique used by Kim et al. (2012), making minor changes
Arshad et al. (2019). (See supplementary material for
more details).

2.4. Basic characterization and morphological analysis of
NLC and NLC-loaded BMSCs lysate

The particle size analysis and zeta-potential, scanning
electron microscopy (SEM), and enzyme-linked
immunosorbent assay (ELISA) were utilized for the basic
characterization of NLC and NLC-loaded BMSCs lysate.
(See supplementary material for more details).

2.5. In-vitro anti-inflammation assay

2.5.1. Culturing of cell line

NIH 3T3 (mouse fibroblast) cell line was cultured in
DMEM-HG (enriched with NaHCO, (3.7 g/L), streptomycin
(1%), FBS (10%), and penicillin (0.1%)). Cells were placed
in an incubator at 37 °C with 5% CO, and were used in
subsequent experiments (See supplementary material
for more details).

2.6. Experimental design

The NIH 3T3 cell line at the 2nd passage was cultured into
Thermo Fisher 96-micro well culture plates to evaluate the
MTT cell viability assay. When NIH 3T3 cells achieved 80%
confluency, they were given injury with IC,, (6.625 mM) of
H,0, for two hours. After two hours, these H,0, pre-stimulated
cells were exposed to different concentrations of NLC,
BMSCs lysate, and NLC-loaded BMSCs lysate for 24 hours.
NIH 3T3 cells were grouped into four categories (see Table 1).
Upon incubation for 24 hours, secretome (used medium of
cells) was used for enzyme-linked immunosorbent assay
(ELISA) and antioxidants. Cells of NIH 3T3 were grown
in 24-microwell culture plates, which were used for RNA
isolation and immunocytochemistry experiments.

NIH 3T3 Treatment Groups

Description

Untreated Cells (UT)
H,0, Injury group (I-H,0,)
Treated nanostructured lipid carriers group (T-NLC)
Treated BMSCs lysate group (T-BMSCs-L)
Treated NLC loaded BMSCs lysate group (T-NLC-BMSCs-L)

NIH 3T3 cells without any treatment
NIH 3T3 cells pre-stimulated with H,0,
H,0, pre-stimulated NIH 3T3 cells treated with NLC

H,0, pre-stimulated NIH 3T3 cells treated with BMSCs lysate
H,0, pre-stimulated NIH 3T3 cells treated with NLC loaded BMSCs lysate
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2.7. In-vitro post-treatment evaluation

2.7.1. MTT cell viability assay

This assay was applied to detect the proliferative
potential of various concentrations (500ng/uL, 1mg/mL,
2mg/mL, 3mg/mL) of two treatments, i.e., NLC, BMSCs
lysate, and NLC-loaded BMSCs lysate after injury with
H,0, and further calculations of standardized viability
calculations (SVC). After H,0, injury, as mentioned above,
100pL of different treatments were given. After 24 hours,
the MTT assay was performed following the procedure
mentioned by Awan et al. (2017). The percentage of cell
viability was derived by using the following Formula 1:

Yoviability = (Sample OD at 570nm =+ Control OD at570nm) x100 (1 )

For all subsequent experiments, the SVC value of each
group was used.

2.8. Enzyme-linked immunosorbent assay (ELISA)

For the expression of secretory proteins in a conditioned
medium of different groups, solid-phase sandwich ELISA
was used following the methodology of Wajid et al.(2015)
for p53, annexin V, and VEGF. (See supplementary material
for more details).

2.9. Immunocytochemistry

Immunocytochemistry was also carried out following
the procedure explained by Wajid et al. (2013) on NIH
3T3 cells of different treatment groups. The primary
antibodies (Santa Cruz Biotechnology, USA product
line) were rabbit polyclonalanti-p53, anti-annexin V
and anti-VEGF. In contrast, the secondary antibody was
tetramethylrhodamine (TRITC) tagged donkey anti-
rabbit (Santa Cruz Biotechnology, USA). Fluorescent dye
4'6-diamidine-2'-phenylindole dihydrochloride (DAPI)
was used to stain nuclei.

2.10. In-vitro gene expression profiling

For the post-treatment in-vitro gene expression
analysis, RNA was isolated from all NIH 3T3 cells group,
followed by real-time (qPCR) PCR. It was done using the
SYBR Green dye-containing PCR SuperMix (Fermentas,
USA) on the iQ5 real-time PCR detection system (Bio-Rad,

Table 2. In-vivo anti-inflammatory experimental groups.

Anti-inflammatory activity of NLC loaded lysate

USA). In in-vitro experimental groups, expression levels
of apoptotic (BAX and Caspase-3) markers, proliferative
(Ki-67, PCNA, and TOP2A) markers, and inflammatory
markers (IL-6 and IL-8) were checked while GAPDH served
as an internal control measure.

2.11. In-vivo anti-inflammatory activity

2.11.1. Carrageenan-induced rat paw oedema

To check the effect of lysate on reducing inflammation/
oedema, carrageenan was injected into the hind paw to induce
oedema following the procedures by Winter et al.(1962).
Rats were divided into seven groups, as shown in Table 2.

2.12. Treatment of paw oedema

BMSCs lysate and BMSCs lysateloaded NLC were
administered to the rats to treat and check their anti-
inflammatory activity. After 1 hour of carrageenan injection,
different treatments, i.e., normal saline, diclofenac sodium
(DFES), NLC (2mg/kg of rat body weight), BMSCs-L (2mg/kg
of rat body weight), and NLC-BMSCs-L (2mg/kg of rat body
weight) were injected. An anti-inflammatory drug (DFS)
was applied in this study as a standard drug. Rats receiving
normal saline through injection were part of the vehicle
control group. The swelling of carrageenan injected foot
and treated groups was measured at different hours using
a plethysmometer. Percent inhibition of inflammation of
test samples was calculated in comparison with vehicle
control by using the following Formula 2:

"% inhibition =100(1-Vt/Vc) (2)

where Vc represents oedema volume in control and Vt
the oedema volume in the group treated” (Su et al., 2011).

2.13. In-vivo post-treatment evaluation

After 24 hours of treatment, all the experimental group
rats were sacrificed, and their paw tissue was taken for
RNA isolation using aTRIZOL reagent.

2.14. In-vivo gene expression profiling

For in-vivo gene expression analysis, qPCR was executed
as mentioned above.

Experimental Groups

Description

Control group (N)

Vehicle Control Group (N-NS)
Carrageenan Injury Group (C)
Carrageenan Induced Normal Saline (C-NS)
Positive control (C-I-DFS)
Carrageenan induced NLC (C-I-NLC)
Carrageenan-induced BMSCs lysate (C-I-BMSCs-L)

Carrageenan induced NLC loaded BMSCs lysate (C-I-NLC-BMSCs-L)

Normal rats
Normal rats saline-injected
Carrageenan induced rats without any treatment

Carrageenan-induced rats injected with normal saline

Carrageenan-induced rats injected with standard drug diclofenac sodium(DFS)

Carrageenan-induced rats injected with NLC
Carrageenan-induced rats injected with BMSCs-L

Carrageenan-induced rats injected with NLC loaded BMSCs lysate
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2.15. Statistical analysis

Unless otherwise mentioned, data are shown as
mean values + SEM. For comparison of more than two
datasets, the one-way analysis of variance (ANOVA) and
grouped datasets, the two-way ANOVA was done using the
Bonferroni posttest. All statistical analyses of the results
were performed through Prism v.5, GraphPad software
(USA). P values <0.05 were regarded as statistically
significant, and non-significant differences were indicated.

3. Results

3.1. NLC preparation and basic characterization

Zeta size analysis and SEM were performed to characterize
NLC and NLC loaded BMSCs lysate. Zeta size analysis(see
Table 3) and SEM (see Figure 1A, B) showed the synthesised
particles’ size, polydispersity index, and surface morphology.
The particles of NLC with a Z-average size of 20.15 nm and
NLC-BMSCs-L with a Z-average size of 21.73 nm appeared to
be slightly smooth (size distribution curve has been provided
in the supplementary material). ELISA was performed to
investigate the loading of BMSCs lysate inside the NLC. VEGF
and IL-6 marker’s expression was checked in NLC, BMSCs
lysate, and NLC-BMSCs-L groups. The results in Figure 1B
shows that VEGF and IL-6 levels are detected in NLC-loaded
BMSCs lysate, which confirms the loading of BMSCs lysate
in NLC while no expression was observed in NLC.

3.2. In vitro anti-inflammation assay results

3.2.1. Decreased cytotoxicity of post-treated NIH 313 cells
To induce in-vitro inflammation in NIH 3T3 cells via

H,0,, 6.625 mM H,0, was used in experiments to induce

Table 3. Physiochemical Characteristics of NLC and NLC-BMSCs-L.

in-vitro injury and evoke inflammation in-vitro. To calculate
the standardized viability concentration (SVC), an MTT
assay was performed using different concentrations of
NLC, BMSCs lysate, and NLC-loaded BMSCs lysate. In this
experiment, SVC defines the concentration at which the
cells show 100% viability. The MTT cytotoxicity assay
showed that BMSCs lysate and NLC-loaded BMSCs lysate
had a dose-dependent effect on NIH 3T3 cell growth (see
Figure 2). As represented in Figure 3, after injury with H,0,,
NIH 3T3 cells treated with BMSCs lysate at the concentration
level of 1.61 mg/mL for 24 hours of treatment showed
100% cell viability. NLC-loaded BMSCs lysate showed 100%
viable cells at a concentration of 1.42 mg/mL. These SVC
values were applied in subsequent experiments. While
NLC was used at a concentration of 1.42 mg/mL in later
experiments.

3.3. Inflation of angiogenesis in post-treated NIH 3T3 cells

Further, to assess the effect of two different treatments,
i.e., BMSCs lysate and NLC-loaded BMSCs lysate, on
angiogenesis, vascular endothelial growth factor (VEGF)
levels were assessed via ELISA and immunocytochemistry
in NIH 3T3 cells after exposure with these treatments,
as VEGF is the principal factor behind angiogenesis.
Figures 3A and 4A indicate a significant VEGF expression
elevation in the NLC-loaded BMSCs lysate group compared
to the H,0, injury and BMSCs lysate groups.

3.4. Apoptosis reduction in post-treated NIH 313 cells

To determine whether NLC-loaded BMSCs lysate has
an anti-apoptotic effect on NIH 3T3 cells, apoptosis levels
were measured via p53 and annexin V expression studies
through ELISA and immunocytochemistry. The results of
these assays manifest (see Figures 3B and 4B, C) that its

. Z-Average Size Polydispersity . Peak Mean/Area .
Formulation (d.nm) Index (PDI) PDI Width (d.nm) (d.nm/%) Zeta Potential
NLC 20.15 0.101 6.412 13.43/100 +8.310
NLC-BMSCs-L 21.73 0.134 7.951 12.55/100 +8.222

ELISA

Absorbance

°
L

NLC
B3 BMSCs-L
E NLC-BMSCs-L

o
kil

o
s

o
i

o
°

Figure 1. (A) Scanning Electron Micrograph of NLC and (B) Scanning Electron Micrograph of NLC-BMSCs-L; (B) Characterization
of nanostructured lipid carriers (NLC) loaded bone marrow-derived mesenchymal stromal cells (BMSCs) lysate via enzyme-linked
immunosorbent assay (ELISA):vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6) expression in NLC, BMSCs-L, and NLC
loaded bone marrow-derived mesenchymal stromal cells lysate (NLC-BMSCs-L). Where; *P<0.05, **P<0.01, ***P<0.0001, ns is non-significant.
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Figure 2. Represents cytotoxicity analysis/percentage cell
viability and standardized viability concentration (SVC) values
of different treatment groups on NIH 3T3 Cells (A) Represents
the percentage of NIH 3T3 cells viability treated with different
concentrations of nanostructured lipid carriers (NLC), bone
marrow-derived mesenchymal stromal cells lysate (BMSCs-L),
and NLC loaded BMSCs lysate (NLC-BMSCs-L). N represents %
age viability of normal cells that receive no treatment and no
H,0, injury; (B) Cytotoxicity analysis of various concentrations
(500pg/pL, 1mg/mL, 2mg/mL, and 3mg/mL) of BMSCs lysate (C)
SVC of BMSCslysate on NIH 3T3 cells; (D) Cytotoxicity analysis
of various concentrations (500ng/puL, 1mg/mL, 2mg/mL, and
3mg/mL) of NLC loaded BMSCs lysate (E) shows SVC of NLC loaded
BMSCs lysate on cells. Where; ***P<0.0001, *shows significance
between untreated and treated groups while a and B sign shows
significance between H,0, injury and other treatment groups,
a8 shows P<0.0001, and ns is non-significant.

expression significantly declines in NLC loaded BMSCs
lysate group when compared to injury, NLC and BMSCs
lysate groups.

3.5. Modulation of in-vitro gene expression in post-treated
NIH 3T3 cells

To check the effect of NLC-loaded BMSCs lysate at
the molecular level of apoptosis, inflammation, and
proliferation, investigation of apoptotic, pro-inflammatory,

Brazilian Journal of Biology, 2022, vol. 82, e269553
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A VEGF ELISA
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Figure 3. (A) Angiogenesis Expression Analysis via ELISA:vascular
endothelial growth factor (VEGF) expression in treated BMSCs
lysate group (T-BMSCs-L) and treated NLC loaded bone marrow-
derived mesenchymal stromal cells lysate (T-NLC-BMSCs-L) group
as compared to untreated (UT), treated NLC (T-NLC), and H,0,
injury (I-H,0,) groups; (B) Apoptosis Expression Analysis via ELISA.
The level of apoptosis measured via p53 and annexin V markers
is indicated in different treatment groups. While the* sign shows
significance between untreated and treated groups while a.and 8
sign shows significance between H,0, injury and other treatment
groups, where; ns is non-significant, * & o signify P<0.05, ** & 8
signify P<0.01, *** & of$ signify P<0.001.

and proliferative gene expression analysis was carried
out in pre and post-treated NIH 3T3 cells. qPCR results
demonstrated that, in H,0, induced injury group, the
level of apoptotic genes (BAX and Caspase-3, see Figure 5A
and pro-inflammatory cytokines (interleukin-6 (IL-6) and
interleukin-8 (IL-8), see Figure 5B significantly increased
whereas, the level of proliferative genes (Ki-67, PCNA,
TOP2A, see Figure 5C decreased. In the NLC-loaded BMSCs
lysate group, significant downregulation of apoptotic (see
Figure 5A) and pro-inflammatory genes (see Figure 5B),
while upregulation of proliferative genes (see Figure 5C)
was observed compared to BMSCs lysate. GAPDH served
as an internal control.
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Merge

1(H202) Merge

Merge

T-NLC-BMSCsL

Figure 4. (A) Expression analysis of angiogenesis marker vascular endothelial growth factor (VEGF) via immunocytochemistry;
(B) Expression analysis of apoptotic marker p53 via immunocytochemistry; (C) Expression analysis of apoptotic marker p53 via
immunocytochemistry. Where: Untreated (UT), H,O, injury (I-H,0,), treated NLC (T-NLC), treated BMSCs lysate (T-BMSCs-L), and
treated NLC loaded bone marrow-derived mesenchymal stromal cells lysate (T-NLC-BMSCs-L). Stained cells are red, and blue denotes

the nuclei counterstained with 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI,) while arrows show the positive cells expressing
the protein. Scale bar: 200pm.
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Figure 5. In-vitro Gene Expression Analysis: (A) represents
apoptotic markers; BAX & Caspase-3, expression among treated
nanostructured lipid carriers (T-NLC), treated bone marrow-derived
mesenchymal stromal cells (BMSCs) lysate (T-BMSCs-L) and NLC
loaded BMSCs lysate (T-NLC-BMSCs-L) groups as compared to
untreated (UT), and H,0, injury (I-H,0,) groups (B) shows pro-
inflammatory markers (IL-6and IL-8) expression in T-NLC-BMSCs-L
group as compared to I-H,0, group (C) shows Proliferative markers
(Ki-67, PCNA and TOP2A) expression among T-BMSCs-L and T-NLC-
BMSCs-L groups as compared to UT and I-H,0, group. Where; the*
sign shows significance between untreated and treated groups
while « and B sign shows significance between H,0, injury and
other treatment groups. Where; ns is non-significant, * & o implies
P<0.05, ** & B implies P<0.001, *** & af implies P<0.0001.

3.6. In-vivo anti-inflammation assay results

3.6.1. Reduction of rat paw oedema volume after
treatment

A carrageenan-induced rat hind paw oedema assay
was performed to evaluate further the NLC-loaded BMSCs
lysate anti-inflammatory potential. The anti-inflammatory
potential of two experimental groups, i.e., BMSCs lysate and

Brazilian Journal of Biology, 2022, vol. 82, e269553
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Figure 6. Percentage inhibition of inflammation at a time interval
(hr) in carrageenan-induced rat’s hind paw oedema model. The
effect of different treatment groups, i.e., normal (N), normal rat
paw injected with normal saline (N-NS), carrageenan injected
group (C), carrageenan injected with normal saline group (C-NS),
carrageenan injected with diclofenac sodium group (C-I-DFS),
carrageenan injected with nanostructured lipid carriers group
(C-I-NLC), carrageenan injected with bone marrow-derived
mesenchymal stromal cells (BMSCs) lysate group (C-I-BMSCs-L)
and Carrageenan injected with NLC loaded BMSCs lysate group
(C-I-NLC-BMSCs-L); on hind paw oedema at different hours (0, 1
2, 3,6 & 24 hours). Where; the* sign shows significance between
normal and carrageenan-induced treated groups while o.and B sign
shows significance between carrageenan injected and carrageenan-
induced treatment groups. Where; ns is non-significant, ** &
denotes P<0.001, *** & af3 denotes P<0.0001.

NLC-loaded BMSCs lysate and the percentage inhibition of
inflammation at a time interval (hr), are shown in Figure 6.
In nearly all treated groups, carrageenan-induced rat paw
oedema reached a maximum after 3 hours of injection
and started to decline after that. The results of this assay
revealed that NLC-loaded BMSCs lysate exhibits strong
anti-inflammatory potential compared to BMSCs lysate
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group against acute inflammation. The experimental
groups possessed less inflammation than the carrageenan
and vehicle control groups and were comparable to the
positive standard group. The percentage inhibition of
inflammation after 24 hours of control and treated groups
was not significantly different (see Figure 6)(Paw images
have been provided in the supplementary material).

3.7. In-vivo modulation of gene expression

Next, qPCR was done to investigate the effect of
experimental groups on in-vivo gene expression profiling
pro-inflammatory cytokines, apoptosis, and proliferation
genes. Results revealed that NLC-loaded BMSCs lysate
significantly decreases carrageenan-induced upregulation
of pro-inflammatory cytokines, IL-6 and IL-8, and apoptotic
markers; BAX and caspase-3 compared to other groups
(see Figures 7A, B). While NLC-loaded BMSCs lysate
significantly up-regulates the expression of proliferative
markers, Ki-67, PCNA, and TOP2A as compared to the
BMSCs lysate group (see Figures 7C). Glyceraldehyde-3-
phosphate dehydrogenase, abbreviated as GAPDH, served
as an internal control measure.

4. Discussion

With the formulated formulation and by using the Nano-
template engineering technique, the nano-sized particles
were obtained as formerly narrated (Arshad et al., 2019).
Basic characteristics of resulting NLC, such as Z-average size
and polydispersity index (see Table 3), showed the average
size of NLC loaded BMSCs lysate being marginally higher
than the unloaded NLC due to the integration of lysate
in the NLC matrix, which is in accordance with Hu et al.
(2005). Moreover, to further confirm the loading of BMSCs
lysate in NLC, the expression of VEGF and IL-6 proteins was
assessed via ELISA in NLC, BMSCs lysate, and NLC-loaded
BMSCs lysate groups. The results indicated that VEGF and
IL-6 expressions were detected inside the NLC-loaded
BMSCs lysate group.

To find out the standardized viability concentration
(SVC), the same concentrations (500ug/uL, 1mg/mL,
2mg/mL, 3mg/mL) of BMSCs lysate and NLC loaded BMSCs
lysate were used to find out the individual effect of each on
cell viability of H,0, pre-stimulated cells. SVC for BMSCs
lysate was calculated at a concentration of 1.61mg/mL and
for NLC-loaded BMSCs lysate was obtained at 1.42mg/mL
(see Figure 2). These SVC values were used in subsequent
experiments. This also shows that the loading of lysate in
NLC significantly enhances the efficacy of lysate.

VEGF is a well-known key element of angiogenesis
(Moccia et al., 2019) that plays a crucial role in
mediating vascular permeability and tissue
regeneration (Masgutov et al., 2021). Based on ELISA and
immunocytochemistry assay results (see Figures 3A and 4A),
there was a decrease in the expression pattern of VEGF in
H,0, pre-stimulated NIH 3T3. In contrast, an increase in its
expression was significantly observed in the post-treated
cells in the NLC-loaded BMSCs lysate group compared to
BMSCs lysate alone.
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Figure 7. In-vivo Gene Expression Analysis: (A) represents apoptotic
markers; BAX and Caspase-3, expression in treated nanostructured
lipid carriers (T-NLC), treated bone marrow-derived mesenchymal
stromal cells (BMSCs) lysate (C-I-BMSCs-L) and NLC loaded
BMSCs lysate (C-I-NLC-BMSCs-L) groups as compared to normal
(N) and carrageenan injected injury (C) groups (B) shows pro-
inflammatory markers (IL-6 and IL-8) expression levels in treated
C-I-BMSCs-L and treated C-I-NLC-BMSCs-L groups as compared
to N and C groups (C) shows Proliferative markers (Ki-67, PCNA
and TOP2A) expression in treated C-I-BMSCs-L and treated C-I-
NLC-BMSCs-L group as compared to N and C groups. Whereas
N-NS represents normal rats injected with normal saline, C-NS
represents carrageenan-injected normal saline, C-I-DFS represents
carrageenan-injected diclofenac sodium. Where; the* sign shows
significance between untreated and treated groups while o and
3 sign shows significance between carrageenan injury and other
treatment groups. Where, ns is non-significant, * & o represents
P<0.05, ** & B represents P<0.001, *** & afd represents P<0.0001.

Apoptosis, a well-known process of cell death
(Bertheloot et al., 2021), can be accessed via annexin V
(Bhatti et al., 2013) and measurement of apoptotic marker
p53 (Alietal., 2016). It was observed in this present research
that NLC-loaded BMSCs lysate significantly inhibited the
apoptosis of H,0, pre-stimulated NIH 3T3. Based on ELISA
and immunocytochemistry assays for annexin V and
P53 (see Figures 3B and 4B, C), there was a shift in the
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pattern of expression of p53 and annexin V from more
expression in the H,0, pre-stimulated NIH 3T3 to less
expression in the post-treated cells significantly in NLC
loaded BMSCs lysate group.

To evaluate the anti-inflammatory effect of drugs,
carrageenan-induced rat hind paw oedema; a well-
known experimental model to study acute inflammation
(Soraya et al., 2021), was used. Based on carrageenan-
induced rat paw oedema results, carrageenan induces an
inflammatory reaction in the form of swelling. Maximum
rat paw volume is noticed at 3 to 6hours after induction
of carrageenan in the untreated carrageenan injury group
(see Figure 6), which is in accordance with the previous
literature (Cong et al., 2015). NLC-loaded BMSCs lysate
initiated anti-inflammatory activity at 2 hours after
administration, and inflammation declined significantly
compared to the untreated group, mentioned by Su et al.
(2011) for flavone glycoside.

Gene expression profiling was performed to gain insight
into the molecular pathways affiliated to proliferative,
inflammatory, and apoptotic effects of NLC-loaded BMSCs
lysate in-vitro in H,0, pre-stimulated NIH 3T3 cells and
in-vivo in carrageenan-induced rat paw oedema. Real-
time PCR results revealed apoptotic induction was linked
with increment in the expression of BAX and caspase-3 in
the injury group in-vitro (I-H,0,) (see Figure 5A) and
in-vivo (carrageenan-C and carrageenan-induced normal
saline-C-NS) (see Figure 7A). In comparison, both genes
expressions were significantly downregulated in NLC loaded
BMSCs lysate group compared to other treatment groups.
BAX is a pro-apoptotic marker involved in mitochondrial-
induced cellular death by apoptosis (Westphal et al., 2011).
H,0, causes apoptosis by up-regulating pro-apoptotic
gene expression and cleaving caspases-3 (Maetal., 2022).

Oxidative stress causes upregulation of pro-
inflammatory cytokines and activates the cell’s
inflammatory signal transduction pathway (Zhang et al.,
2016). This causes the upregulation of pro-inflammatory
cytokines; interleukin-6 (IL-6) (Liau et al., 2016) and
interleukin-8 (IL-8) (Dong et al., 1998). Thus, in this present
study, pro-inflammatory cytokines, IL-6 and IL-8 down-
regulation were observed in post-treated NLC-loaded
BMSCs lysate group significantly compared to the injury,
and BMSCs lysate-treated groups in vitro (see Figure 5B)
and in vivo (see Figure 7B), which are in accordance with
Pomari et al. (2014).

Additionally, to find out that after injury whether cells
regenerate post-treatment, evaluation of proliferative
markers, proliferating cell nuclear antigen (PCNA)
(Myoung et al., 2006), Topoisomerases Ila (TOP2A), and
Ki-67 (Milde-Langosch et al., 2013) was done. Real-time PCR
results revealed that all three proliferative genes expression
was significantly up-regulated in the post-treated NLC-
loaded BMSCs lysate group compared to other groups
both in vitro (see Figure 5C) and in vivo (see Figure 7C).
A higher TOP2A and Ki-67 indicates cellular proliferation
(Strasser et al., 2000). For damaged tissue regeneration,
proliferation is crucial (Ryoo and Bergmann, 2012).
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5. Conclusion

Concluding the results of this study, it has been revealed
that NLC-loaded BMSCs lysate might help regenerate
damaged tissue to restore normal functions and possibly
possess anti-inflammatory activity overall via reduction of
apoptosis and enhancement of proliferation. Nonetheless,
to provide a potential medicinal application of NLC-loaded
BMSCs lysate for modulation of inflammatory disorders,
more in-depth and advanced analysis of NLC, investigation
of BMSCs lysate content, understanding of detailed
molecular pathways, and large-scale animal studies/trials
will be required and recommended for future studies.
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