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ARTICLE INFO ABSTRACT

Keywords: Background: A potentially fatal complication of sepsis is septic acute kidney injury. Stem cell therapy is a po-
SecretomejMSCS tential new method of treating sepsis and has been applied to treat some human diseases.

Inflammation Objectives: This study investigated the effects of secretome-MSCs on NGAL, CRP, NF-kB, and MMP-9 proteins, and

Tissue damage
Acute kidney injury
Sepsis

histopathology in mice with septic AKI.

Methods: A post-test-only group design was conducted in 30 Balb/C male mice, which were randomly assigned to
five groups: the control group was intraperitoneally injected with 0.5 ml of 0.9 % NaCl, the septic AKI, and the
treatment groups (T1, T2, and T3) were intraperitoneally injected with 0.5 ml of 0.9 % NacCl and 0.3 mg/kg BW
LPS single dose for three days. Three-day treatments of 150, 300, and 600 pl secretome-MSCs were administered
intraperitoneally into the treatment groups. Furthermore, kidney and blood samples were collected for
biochemical and histopathological analyses.

Results: The T1, T2, and T3 groups had lower expression of NF-kB and MMP-9 and significantly lower CRP and
NGAL levels than that of septic AKI group. T1 (1.21 £ 0.19), T2 (0.75 + 0.22), and T3 (0.38 + 0.14) groups
demonstrated lower average scores for inflammation, necrosis, hemorrhage, and degeneration compared to
septic AKI group (2.17 + 0.13).

Conclusions: Administration of 600 ul/20 g BW secretome-MSCs suppresses NF-kB and MMP-9 expression and
reduces CRP and NGAL levels. Meanwhile, the 150 and 300 ul/20 g BW doses also indicated a greater
improvement in renal tissue damage of mice with septic AKI.

Abbreviations: AKI, Acute kidney injury; Ang-II, Angiotensin-II; ANOVA, Analysis of Variance; BW, Body weight; COVID-19, Corona virus disease-19; CRP, C-
Reactive Protein; ELISA, Enzyme-linked immunosorbent assay; ENOS, Endothelial nitric oxide synthase; ERK, Extracellular signal-regulated protein kinase; ET-1,
Endothelin-1; g, gram; HGF, hepatocyte growth factor; IgG, Immunoglobulin G; IL, Interleukin; LPS, Lipopolysaccharide; LSD, Least significant difference; miRNA,
micro ribonucleic acid; MMPs, Matrix metalloproteinases; MMP-9, Matrix Metalloproteinase 9; MSCs, Mesenchymal Stem Cells; NADPH, Nicotinamide adenine
dinucleotide phosphate; NF-kB, Nuclear Factor-Kappa B; ng/L, nanogram/litre; NGAL, Neutrophil Gelatinase-Associated Lipocalin; NO, Nitric oxide; NOS, Nitric
oxide synthase; PI3K, Phosphatidylinositol 3-kinase; ROS, Reactive oxygen species; SD, Standard deviation; TNFa, Tumor necrosis factor alpha; U/L, Unit/litre; ul,
microliter.
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1. Introduction

Sepsis is a severe medical condition that is characterized by life-
threatening dysfunction of organs resulting from irregular responses of
the host to an infection (Rhodes et al., 2017). This condition is becoming
a major health problem around the world, with more than 30 million
individuals affected, resulting in 6 million fatalities worldwide each year
(Gyawali et al., 2019). Furthermore, sepsis can cause organ damage in
several human bodies, including the brain, lungs, heart, liver, and kid-
ney. Acute Kidney Injury (AKI) caused by infection (septic AKI) is a
potentially fatal complication of sepsis (Peerapornratana et al., 2019).

Multiple inflammatory reactions in sepsis are regulated by specific
cytokines (Steinhagen et al., 2020), in response to lipopolysaccharide
(LPS), triggering the nuclear translocation and activation of NF-«xB
protein and producing several cytokines, including Tumor Necrosis
Factor (TNFa), IL-1p, IL-6, IL-12, and IL-18 (van der Poll et al., 2017).
Elevated IL-6 levels induce the hepatocytes to secrete CRP, reduce the
endothelial nitric oxide synthase (eNOS) activity, and increase a vaso-
constrictor of endothelin-1 (ET-1) levels (Savoia et al., 2011a). Together,
those proteins increase Reactive Oxygen Species (ROS) generation,
which turns in endothelial dysfunction and vascular inflammation
(Savoia et al., 2011b).

Enhanced ROS and chronic inflammation of endothelial cells in the
kidney can cause fluid and cell leakage, reduce organ perfusion, and lead
to local ischemia and tubular damage (Bermejo-Martin et al., 2018).
Additionally, the high and active expression of MMPs, specifically MMP-
9, can contribute to the degradation of Extracellular Matrix (ECM)
proteins such as collagen type IV, a critical component of the basal
membrane in the kidney required for basal membrane remodeling
during embryonic development (Zakiyanov et al., 2019). The endothe-
lial cells in the kidney are also susceptible to necrosis, which produces
NGAL protein, which serves as a self-defense mechanism and a growth
biomarker for tubular cells’ differentiation (Dai et al., 2015; Wajda
et al., 2019).

Renal replacement therapy is commonly used to treat septic AKI
patients, but it has a high cost and low efficacy (Siddiqui et al., 2020). In
recent years, stem cell therapy has been a potential new method of
treating sepsis (Martinez et al., 2017). For instance, MSCs have been
applied to treat some human diseases but they must be intensively
cultured to achieve the optimal number of cells for transplantation
(Harrell et al., 2019). The secretion of secretome-MSCs containing cy-
tokines, microRNA (miRNA), exosomes, and microvesicles has a better
therapeutic effect (Madrigal et al., 2014), which is directly available for
acute therapy with bioactive sources analogous (Harrell et al., 2019). A
previous study reported that administration of cytokines of secretome-
MSCs could improve endothelial glycocalyx and phagocytic function
of neutrophils and monocytes, and suppress NF-kB expression (Mizuno
and Nakamura, 2012). Therefore, the aim of this study was to investi-
gate the effects of secretome-MSCs on the NF-«kB, MMP-9, CRP, and
NGAL proteins and kidney tissue damage in the septic AKI mice model.

2. Materials and methods

The secretome-MSCs (CM-UCMSCDO1) used in this study were ob-
tained from the Stem Cells and Cancer Institute of PT Bifarma Adiluhung
Jakarta, Indonesia. These cells were derived from the conditioned media
of umbilical cord MSCs. Furthermore, the secretome-MSCs contained
some growth factors, including 275.47 pg/ml of Hepatocyte Growth
Factor (HGF), 50-300 ng/ml of pro-collagen, 30-300 pg/ml of kerati-
nocyte growth factor/Fibroblast Growth Factor (FGF) 7, 300-1500 pg/
ml of basic FGF 2, 10-50 pg/ml of stromal cells-derived factor 1/C-X-C
motif chemokine 12, and 10-50 pg/ml of vascular endothelial growth
factor.
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2.1. Development of sepsis mice model and secretome-MSCs experiment

The mice with septic AKI were the subjects in this investigation,
using a post-test-only control group design. The sample size was deter-
mined using a formula from the Institutional Animal Care and Use
Committee (Office of Laboratory Animal Welfare, 2002), and ethical
approval was obtained from the Health Research Ethics Committee of
Dr. Moewardi General Hospital with number 7686,/VIII/HREC/2021.

A total of 30 male Mus musculus mice of Balb/C strain, weighed
20-30g, aged 3-4 months, and acquired from the Faculty of Veterinary
Medicine, Gadjah Mada University, Jogjakarta province were used in
this study. For sepsis development, we only used male mice because of
several reasons. At first, proestrus female mice had a significantly
increased survival rate compared to male mice with sepsis, which were
generated using the cecal ligature and puncture technique. Secondly,
female mice with sepsis using the endotoxic shock (ExSh) technique
were more resistant than their counterparts. The next reason was
progesterone-regulated immunological responses and protection against
infectious diseases by reducing inflammatory cytokines, IL-6, and TNF-
o, and restoring the antioxidant defense system (Angele et al., 2014).
Early production of TGFflin the lungs of female mice with sepsis
induced by the ExSh was associated with increased survival and reduced
lung injury (Bojalil et al., 2023). Based on our initial study, the optimal
dose for generating mice with sepsis was the administration of 0.3 mg/
kg BW single dose of Escherichia coli LPS, which indicated the most se-
vere organ damage and significant increases of inflammatory markers
(Arifin et al., 2023).

Selected mice were randomly distributed into five groups: the con-
trol group was intraperitoneally injected with 0,5 ml of 0,9% NacCl. The
septic AKI and the treatment groups (T1, T2, and T3) were intraperito-
neally injected with 0.5 ml of 0.9 % NaCl and 0.3 mg/kg BW LPS (Sigma-
Aldrich USA, Cat# L2630) single dose for three days, respectively.
Subsequently, three days of treatment of 150, 300, and 600 pul
secretome-MSCs were administered intraperitoneally into the treatment
groups (T1-T3). All mice were given a standard mouse feed and freely
accessed drinking water. At the end of the third day of treatment, all
mice were sacrificed, and their kidney, blood, and urine samples were
collected for further analysis.

2.2. Measurement of serum CRP and urine NGAL levels

The serum CRP and urine NGAL levels were determined using the
ELISA assay kits purchased from Wuhan Fine Biotech, China (Cat#
EMO0061 and EM1232 respectively). The protocol for measuring these
proteins was based on the manufacturer’s protocols.

2.3. Immunohistochemical staining

All mice’s kidneys were embedded using paraffin, which was cut
with 0.5 mm thickness to get several slices. The slices of kidney tissues
were attached on glass slides and were then incubated overnight with
1:1,200 dilution of NF-kB anti-mouse monoclonal antibody and 1:400
dilution of MMP-9 rabbit polyclonal antibody. The slides were incubated
using an IgG rabbit secondary antibody linked to the horse radish
peroxidase (HRP) for 3045 min to recognize the interaction of antigen
and antibody complexes. They were stained for 10 min with dia-
minobenzidine solution, which was the HRP substrate. Ultimately, the
slides were counterstained for one min with a hematoxylin solution
(Salah, 2020). Moreover, under a light microscope with 200x magni-
fication, the stained slides with positive staining of NF-xkB and MMP-9
were scored using a semi-quantitative assessment. The intensity of NF-
kB and MMP-9 cytoplasmic staining was scored 0 % = 0, <25 % =1,
26-50 % = 2, 51-75 % = 3, and >75 % = 4 (Fedchenko and Reifenrath,
2014; Liu et al., 2019; Renaldi et al., 2023).
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2.4. Histopathological staining

The remaining paraffin-embedded kidney tissues were cut at 0.5 mm
thickness and stained with a hematoxylin-eosin solution. The patho-
logical processes in kidney tissues were assessed under a light micro-
scope with 4- and 200-times magnification such as degeneration,
necrosis, inflammation, and bleeding. The histological evaluation was
performed by two independent pathologists, and the findings were
classified as 0: none, 1: mild, 2: moderate, 3: strong, as well as 4: severe
(Kiyonaga et al., 2020).

2.5. Statistical analysis

Numerical data were assessed for normality and homogeneity using
the Shapiro-Wilk and Levene’s tests, respectively. Collected data of CRP
and NGAL levels were reported as mean =+ standard deviation, whilst
scoring data of NF-kB MMP-9 were reported as percentages. The mean
differences of CRP and NGAL levels among mice groups were statisti-
cally analyzed using the one-way ANOVA and then followed by the least
significant difference post hoc test. Comparison of NF-kB, MMP-9, and
kidney histopathology were analyzed statistically using the Mann-
Whitney test and followed by the Kruskal-Wallis test at a significance
level < 0.05.

3. Results

Administration of LPS in male Balb/C mice induced acute inflam-
mation, resulting in septic AKIL Fig. 1A-F showed that the intensity of
NF-kB immunostaining decreased in all groups treated with three
different doses of Secretome-MSCs. The staining intensity in Fig. 1C and
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E was similar to Fig. 1A but weaker than Fig. 1B and D. In Fig. 1F, the
average of NF-kB positive expressing kidney cells in the T1 (1.83 £
0.41), T2 (1.67 £ 1.03), and T3 groups (1.33 + 0.52) was significantly
lower than septic AKI (2.83 + 0.75).

The MMP9 expression in mice’s kidneys was evaluated to confirm
their organ damage, as shown in Fig. 2. The intensity of the immuno-
staining decreased in all mice groups treated with Secretome-MSCs. In
Fig. 2F, the average of MMP9 positive kidney cells in the T1-3 (1.83 +
0.41, 1.50 + 0.55, and 1.00 + 0.00, respectively) was significantly
lower than septic AKI (2.83 + 0.75).

The high expression of NF-kB protein stimulated TNF-o and IL-6
secretions, resulting in the release of CRP proteins by the hepatocytes.
Fig. 3 showed that the administration of secretome-MSCs significantly
reduced CRP levels in a dose-dependent manner. The average CRP levels
in the treatment T1-3 (5.79 + 0.39, 4.94 + 0.17, and 4.03 + 0.41 U/L,
respectively) were significantly lower than the septic AKI group (15.61
+ 0.60 U/L; p < 0.01). However, reduced CRP levels in all treatment
groups were higher compared to the normal group at 2.87 + 0.24 U/L
(see Fig. 3).

Besides MMP9 expressions, all treatment mice groups had a reduc-
tion of NGAL levels. Fig. 4 showed that the administration of secretome-
MSCs significantly reduced NGAL levels in a dose-dependent manner,
and the average of NGAL levels in the treatment groups (T1 = 57.37 +
1.95, T2 = 47.33 & 3.02, and T3 = 29.07 + 1.80 ng/L) was significantly
lower than septic AKI at 142.30 + 3.47 ng/L. However, reduced NGAL
levels in all treatments remained high compared to the NGAL in the
normal group at 24.42 + 0.74 ng/L.

Histopathological staining was conducted to evaluate the mouse
kidney’s inflammation process and tissue damage. Fig. 5 indicated that
secretome-MSCs administration reduced inflammation, necrosis,

Mean of HFE Expressian in Kidney
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Fig. 1. Immunostaining of NF-kB expression in the mouse kidney tissues treated with and without secretome-MSCs. A-E indicated immunostaining in the normal,
septic AKI, and treatment groups. The yellow arrow designated NF-kB expression in the proximal tubular epithelial cells of kidney tissue, and F indicated the scoring
of kidney cells expressing NF-kB. Each bar represented 6 mice/group and * designated a significant difference at a < 0.05 ** designated a significant difference at a <
0.01. The immunostaining of all kidney tissues was assessed under a light microscope with 200x magnification. a,b, and c indicated significant differences among
treatment groups compared to the septic AKI group, whilst d indicated significant differences between septic AKI and treatment groups compared to the con-

trol group.
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Fig. 2. Results of immunological staining of MMP9 expression in the mouse kidneys treated with and without secretome-MSCs. A-E indicated immunostaining in the
normal, septic AKI, and treatment groups. The yellow arrow designated MMP9 expression in the proximal tubular epithelial cells of kidney tissues, and F indicated
the scoring of kidney cells. Each bar represented 6 mice/group + SD and * designated a significant difference at a < 0.05 ** designated a significant difference at « <
0.01. The immunostaining of all tissue sections was assessed under a light microscope with 200x magnification.
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Fig. 3. The comparison of CRP levels between control and treatment groups with secretome-MSCs. Serum CRP levels among mice groups were measured using the
ELISA method, and the average CRP levels were analyzed statistically using the one-way ANOVA and LSD post hoc tests. Each bar represented 6 mice/group and **
designated a significant difference at o < 0.01.
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Fig. 4. The comparison of NGAL levels between control and treatment groups with secretome-MSCs. Urine NGAL levels among mice groups were measured using the
ELISA method, and the average NGAL levels were analyzed statistically using the one-way ANOVA and the LSD post hoc tests. Each bar represented 6 mice/group and
** designated a significant difference at o < 0.01.
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Fig. 5. Results of histopathological staining in the mouse kidneys treated with and without secretome-MSCs. A-E indicated histopathological in the normal, septic
AKI and treatment (T1-3) groups. Yellow, green, red, and blue arrows represented inflammation, necrosis, hemorrhage, and degeneration in kidney tissues.
Meanwhile, F indicated the scoring of the inflammation process in kidney tissues among groups. Each bar represented six mice/group and * designated a significant
difference at a < 0.05 ** designated a significant difference at a < 0.01. The immunostaining of all tissue sections was assessed under a light Microscope with 200x

magnification.
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hemorrhage, and degeneration in kidney tissues with dependent doses.
In Fig. 5 F, the average of inflammation, necrosis, hemorrhage, and
degeneration scoring in the T1-3 (1.21 £ 0.19, 0.75 + 0.22, and 0.38 +
0.14, respectively) was significantly lower than septic AKI (2.17 + 0.13)
and normal groups (0.13 + 0.14).

4. Discussion

This study showed that the administration of 600 pl secretome-MSCs
can effectively inhibit NF-kB and MMP9 expression, reduce CRP and
NGAL levels, and improve inflammation, necrosis, hemorrhage, and
degeneration in kidney tissues with better responses than 150 and 300
ul. These results suggest that secretome-MSCs might become a promising
AKI treatment. These findings corroborate the results of a previous
study, where the treatment of MSCs can significantly reduce the
expression of NF-kB in rat lung tissues induced by LPS (Su et al., 2019).
Another study reported that reduced expression of NF-kB appeared in
the lung tissues of mice sepsis model treated with MSCs. However,
secretome-MSCs were used instead of MSCs, which could reduce the
expression of NF-kB in the kidneys of the septic AKI mice model. The NF-
kB transcription factor has a crucial role in regulating the inflammatory
response and effectively modulates the control signals that determine
proinflammatory gene transcription responses, including TNF, IL-1, and
IL-6 (Pedrazza et al., 2017).

ROS production is also heightened, culminating in the inhibition of
cellular bioenergetics, monocyte migration, tissue repair, and endothe-
lial integrity with respect to the elevated expression of NF-kB. In addi-
tion to necrosis in kidney cells, sepsis also generates hepatocyte
inflammation through the pro-inflammatory cytokine IL-6. This induces
the synthesis of acute-phase proteins including CRP, antitrypsin a-1,
fibrinogen, prothrombin, and haptoglobin (Woznica et al., 2018).
Furthermore, the CRP level in the T3 was 4.03 + 0.41 U/L, close to the
control group. These findings support a previous study conducted by
Leng and co-workers that the administration of 1 x 10°® MSCs/kgBW in
patients with COVID-19 can decrease the serum level of CRP (Leng et al.,
2020).

MMPs ECM is released by diverse inflammatory cells, predominantly
neutrophils and macrophages. In sepsis, the MMP-9 has been implicated
in acute lung injury, hepatic injury, vascular as well as cardiac
dysfunction, and multiple organ failure (Nino et al., 2017). These find-
ings indicated that the administration of secretome-MSCs significantly
reduced MMP-9 expression dose-dependently. The reduced expression
may lead to a decrease in type IV collagen degradation, a main kidney
basal membrane component. Therefore, the remodeling of the kidney
basal membrane could potentially improve tissue damage (Zakiyanov
et al., 2019).

Furthermore, septic necrotic cells produce high NGAL levels as a
biomarker of the growth and differentiation of renal tubular cells. The
administration of 150, 300, and 600 ul secretome-MSCs reduced NGAL
levels in mice with sepsis (T1 = 57.37 + 1.95, T2 = 47.33 + 3.02, and
T3 = 29.07 + 1.80 ng/L). These results are consistent with Yim et al,
where the administration of 200 pl secretome-MSCs in rats with AKI also
reduced NGAL levels (Yim et al., 2019). Therefore, NGAL levels could be
utilized to indicate the AKI severity because of bacterial sepsis (Dai
et al., 2015; Wajda et al., 2019; Wang et al., 2018).

In bacterial sepsis, evaluating tissue damage requires considering not
only molecular but also cellular changes in AKI. The administration of
secretome-MSCs significantly reduced histopathological scores of kid-
ney tissues, such as necrosis, inflammation, hemorrhage, and degener-
ation in a dose-dependent manner. These findings strengthen a previous
study conducted by Yim and co-workers that administering 200 pl
secretome-MSCs can improve kidney tissue damage with low histo-
pathological scores (Yim et al., 2019).

The findings suggest that secretome-MSCs can repair kidney tissue
damage because of bacterial sepsis. In addition, the administration may
alleviate kidney tissue damage by decreasing oxidative stress and
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fibrosis, inhibiting the expression of local and soluble inflammatory
cytokines, increasing renal regulatory T lymphocytes, and promoting
faster regeneration of epithelial kidney tubules (Bochon et al., 2019).
The renoprotective effects may be related to high HGF and FGF levels in
the method and material sections. The HGF plays vital roles in con-
trolling inflammation by inhibiting the NF-xB pathway, directly
reducing Glycogen synthase kinase 3f for NF-xB inactivation (Mizuno
and Nakamura, 2012), and inducing NO production through NOS acti-
vation, resulting in the inhibition of E-selectin and intercellular adhe-
sion molecules (Parajuli et al., 2012). Based on the results, it can reduce
inflammation and kidney tissue injury in secretome-MSCs.

The potential nephroprotective effect of secretome-MSCs may be
attributed to the presence of FGF in their secretome, which is involved in
endothelial regeneration. The secretome-MSCs used in this study con-
tained 300-1500 pg/ml FGF2, which has been shown to promote cell
proliferation in various organs, including the liver, blood vessels, and
skin. In fact, studies have shown that exogenous FGF2 can enhance the
physiological function of different organs following ische-
mia-reperfusion injury through the activation of the PI3K and ERK1/2
pathways. However, these pathways were not assessed in mice with AKI
in this study. Furthermore, the study’s limitations include the lack of
evidence regarding other growth factors in secretome-MSCs that may
improve molecular and cellular levels in septic mice. The study design
solely assessed the parameters after secretome-MSCs administration and
did not compare the changes that occurred before the treatment.

5. Conclusions

The administration of 600 ul/20 g BW secretome-MSCs effectively
inhibits NF-xB and MMP-9 expression and reduces CRP and NGAL levels,
resulting in the improvement of kidney tissue damage in mice with
septic AKI. However, further studies are required to fully evaluate the
action mechanism of secretome-MSCs treatment in the PI3K and ERK
pathways. The contribution of other growth factors in kidney tissue
regeneration should also be investigated. Measurements of inflamma-
tory and tissue damage parameters are expected to be evaluated before
and after treatment with the secretome-MSCs.
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