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Abstract: Acute-on-chronic liver failure (ACLF) is a syndrome marked by sudden liver function
decline and multiorgan failure, predominantly acute kidney injury (AKY), in patients with chronic
liver disease. Unregulated inflammation is a hallmark of ACLF; however, the key drivers of ACLF
are not fully understood. This study explores the therapeutic properties of human mesenchymal stem
cell (MSC) secretome, particularly focusing on its enhanced anti-inflammatory and pro-regenerative
properties after the in vitro preconditioning of the cells. We evaluated the efficacy of the systemic ad-
ministration of MSC secretome in preventing liver failure and AKI in a rat ACLF model where chronic
liver disease was induced using by the administration of porcine serum, followed by D-galN/LPS
administration to induce acute failure. After ACLF induction, animals were treated with saline (ACLF
group) or MSC-derived secretome (ACLF-secretome group). The study revealed that MSC-secretome
administration strongly reduced liver histological damage in the ACLF group, which was correlated
with higher hepatocyte proliferation, increased hepatic and systemic anti-inflammatory molecule
levels, and reduced neutrophil and macrophage infiltration. Additionally, renal examination revealed
that MSC-secretome treatment mitigated tubular injuries, reduced apoptosis, and downregulated
injury markers. These improvements were linked to increased survival rates in the ACLF-secretome
group, endorsing MSC secretomes as a promising therapy for multiorgan failure in ACLF.

Keywords: mesenchymal stem cells; in vitro preconditioning; acute-on-chronic liver failure;
secretome; multiorgan failure

1. Introduction

Acute-on-chronic liver failure (ACLF) is a complex clinical syndrome, characterized
by acute hepatic failure in patients with pre-existing chronic liver disease [1,2]. This
syndrome exhibits high mortality rates, which can reach 50–80% within 28 days of the
onset of the disease [3]. The most common etiologies for pre-existing chronic conditions
include cirrhosis due to alcoholism and hepatitis B virus (HBV) infection. In comparison,
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bacterial infections, detected in two-thirds of the patients, are the most frequent inductors
of acute failure and significantly contribute to the poor outcome of ACLF patients [4,5].
Interestingly, mortality in ACLF appears to be independent of the presence or type of
precipitating event [2,6].

The precise mechanisms initiating ACLF remain unclear, but unregulated inflamma-
tion is widely accepted as a key contributing factor [7,8]. It has been reported that the
combination of chronic hepatic injury, with both innate and adaptive local inflammatory re-
sponses, and enhanced oxidative stress, perpetuates a vicious cycle, escalating local hepatic
inflammation into a systemic inflammatory response [9]. Once ACLF is established, the
severity of the inflammatory process is believed to be crucial in determining the short-term
prognosis and the syndrome’s progression [6,10].

Reports in ACLF patients also suggest that hepatocyte proliferation, which is the
primary regenerative response in mild-to-severe hepatic injury, is markedly impaired
in end-stage ACLF [11]. Consequently, patients who survive the initial phase of ACLF
often present an extended period of convalescence and recovery, marked by sequelae
associated with persistent multiorgan failure, leading to a generally poor prognosis [12,13].
Additionally, the systemic spread of inflammation to other organs disrupts cellular function
and can lead to necrosis and apoptosis. Thus, multiorgan compromise is a major contributor
to the increased mortality associated with ACLF. In this sense, the kidneys are particularly
susceptible to the systemic changes seen in ACLF [14]. Therefore, the regulation of the
immune response and the promotion of liver cell regeneration are crucial goals in the
development of new therapeutic strategies for this disease.

Nowadays, treatment for ACLF is predominantly supportive, with no specific thera-
pies available. Liver transplantation remains the only proven beneficial treatment, but its ac-
cessibility is limited by the rapid progression of the disease and the scarcity of donors [10,15].
Despite the absence of a universal consensus regarding the pathophysiological definition
of ACLF, all multicenter studies agree that it is a devastating syndrome, with exceptionally
high mortality, presenting one of the most significant challenges in hepatology [1]. Hence,
there is an urgent need to explore new treatment options to improve the quality of life and
survival rates of ACLF patients.

Mesenchymal stem cells, also known as multipotent mesenchymal stromal cells
(MSCs), are a population of self-renewable and undifferentiated cells present in multi-
ple mesenchymal tissues, including bone marrow, umbilical cord, dental pulp, and adipose
tissues. Recognized for their extensive anti-inflammatory, antioxidant, and pro-regenerative
properties, MSCs are becoming a promising therapeutic option for complex diseases such
as ACLF. These effects are mediated through both the paracrine secretion of trophic fac-
tors and direct cell-to-cell contact. In fact, MSCs are increasingly considered the body’s
“drug store” due to their ability to create a pro-regenerative microenvironment, which is
considered to be their primary therapeutic mechanism [16,17].

It is widely recognized that, in contrast to traditional pharmacological treatments,
MSCs operate through multiple pathways. They release a wide spectrum of growth factors,
such as BMP4, bFGF, EGF, and HGF, which support progenitor cell survival, enhance
hepatocyte proliferation, stimulate revascularization, and inhibit the proliferation of hepatic
stellate cells (HSCs), which are responsible for hepatic fibrosis [18,19]. However, MSCs´
most distinctive feature is their modulation of both the innate and adaptive immune
systems, amplifying anti-inflammatory pathways within the damaged hepatic milieu. This
response is initiated through the secretion of soluble factors, including PGE2, IL-10, IDO,
TSG-6, and TGFb [20].

Studies in animal models have shown that MSC treatment is effective in enhancing
liver function [21,22], ameliorating liver fibrosis [23], and reversing fulminant hepatic
failure [24], and the safety profile of MSC-based therapies is well established, with hundreds
of clinical trials reporting no serious adverse events. However, the remarkable success
observed in preclinical studies has yet to be fully replicated in clinical settings [25,26]. In
this sense, different reports suggest that MSC treatment improves liver function in patients
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with chronic liver diseases of various etiologies [27,28], although some studies have not
observed significant benefits [29].

Recently, diverse clinical trials have been conducted to assess the impact of MSCs on
ACLF, but inconsistencies in research design and evaluation criteria make comparisons
challenging. Liu et al. performed a meta-analysis of randomized clinical trials using MSCs
for ACLF and revealed that MSC administration moderately enhances hepatic recovery
without impacting 48-week patient survival rates [30]. In contrast, Shi et al. found no
significant differences in 13-month survival rates for ACLF patients treated with MSCs but
noted improved survival rates 13–75 months after treatment [31].

Diverse factors could affect the in vivo effectiveness of MSCs. Post-administration,
MSCs migrate to injured tissues, where the presence of a harsh environment and inadequate
cell–matrix tensegrity can impede their efficacy, thus affecting their survival [32–35]. More-
over, the immunosuppressive capacity of MSCs is not inherent but requires activation by
the local microenvironment [36]. This evidence highlights the necessity for optimizing cell-
based therapies, potentially by modifying cell manufacturing processes or incorporating
specific cell preconditioning strategies before transplantation [37–39].

Recent findings reveal that the in vitro preconditioning of MSCs with pro-inflammatory
cytokines strongly increases their anti-inflammatory, pro-regenerative, and antioxida-
tive properties. This enhancement is achieved through the increased secretion of anti-
inflammatory and immunomodulatory factors [37,40–42], and thus they emerge as a potent
therapeutic tool against inflammatory diseases. In this way, it has been shown that MSCs’
therapeutic effects are largely due to a transient paracrine impact, involving the release
of soluble factors and extracellular vesicles constituting the secretome [21,43–45]. Conse-
quently, there is growing interest in using MSC-derived secretomes rather than living cells.
The MSC secretome, which can be lyophilized for easier storage and use, is subject to safety,
dosage, and potency assessments akin to conventional pharmaceuticals, offering a viable
option for diseases like ACLF with restricted therapeutic windows [46–48].

Considering that the secretome is expected to replicate the multifaceted effects of MSC,
this study focuses on evaluating the therapeutic effects of the systemic administration of the
secretome derived from MSCs in an animal model of severe ACLF [49,50]. This secretome
is obtained from human MSCs that have been preconditioned in vitro with TNF-α and
INFγ. The objective of this preconditioning process is to enhance the therapeutic potential
of the secretome for reducing hepatic damage, which is associated with both hepatic and
systemic inflammation, as well as oxidative stress. A complimentary goal of this study is to
evaluate the potential of the secretome in preventing damage to extra-hepatic organs, such
as the kidneys, which is a common complication in ACLF patients, finally improving the
survival rate in the evaluated experimental model.

2. Results
2.1. MSC-Secretome Administration Increases Survival Rate and Attenuates ACLF Hepatic Injury

To generate the ACLF animal model, PS was administered biweekly over 11 weeks,
resulting in immune-mediated liver cirrhosis, representing the chronic component of
the disease [49,50]. A subset of animals was euthanized after chronic injury induction
(cirrhosis group) to evaluate the histopathological alterations in the liver following PS
administration (Figure S1). Livers from control animals exhibited clear structure, uniform
hepatocyte sizes, and the absence of microarchitectural distortions or necrosis. In contrast,
livers from SP-treated animals demonstrated bile duct proliferation, mild inflammatory
cell infiltration, pseudolobule formation, and fibrotic septum development, confirming
the onset of fibrosis/cirrhosis. None of these animals (cirrhosis group) died during the
experimental period.

After 11 weeks of PS exposure, rats with liver fibrosis were treated with LPS/D-GalN
to induce acute injury and generate the ACLF model [49,51–54]. Follow-up was conducted
seven days post-ACLF induction. The locomotor activity level in these rats significantly
declined, indicating severe health deterioration. Consistent with previous studies, 80%
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of the animals in the ACLF group died within the first 16–24 h [49,50]. This high rate of
short-term mortality aligns with the known clinical and pathological features of ACLF. At
the 7-day post-LPS/DGalN administration, the survival rate for this experimental group
was reduced to only 10% (Figure 1A).
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establish the ACLF model, rats were exposed to porcine serum administration for 11 weeks Figure 1. MSC-Secretome administration enhances survival rate and attenuates ACLF hepatic injury. To
establish the ACLF model, rats were exposed to porcine serum administration for 11 weeks (cirrhosis
development), followed by the administration of LPS/DGalN as an acute challenge to induce ACLF.
Survival rates and hepatic damage were assessed up to 7 days post-acute challenge: (A) Kaplan–Meier
survival analysis was carried out for control, ACLF, and ACLF + Sec groups; n = 10 in the control
group, n = 35 in ACLF and ACLF + Sec groups. (B) Masson’s trichrome and H&E staining were
performed to evaluate MSC-secretome effects in the ACLF model. Representative micrographs show
liver histology of ACLF rats treated with the vehicle (ACLF group) and ACLF rats treated with the
MSC secretome derived from 1 × 106 in vitro preconditioned MSCs (ACLF + Sec), 16 and 24 h after
ACLF induction (scale bars represent 250 µm). (C) Scoring of necrosis, periportal inflammation (solid
bar), pericentral inflammation (lined bar), and congestion 24 h post-acute injury. N/O = not observed.
Data are presented as mean ± SEM, whereas dots represet individual values, n = 5; * p < 0.05 vs.
control group; & p < 0.05 vs. cirrhosis group; # p < 0.05 vs. ACLF group.
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In an initial experimental evaluation, a subset of the ACLF animals was treated with
the secretome derived from 1 × 106 non-preconditioned MSCs, administered 60 min
following the LPS/D-GalN challenge. This intervention did not significantly improve
survival rates, reaching 30% at the end of the 7-day follow-up period (Figure S2).

It is well known that the in vitro preconditioning of MSCs can markedly enhance their
anti-inflammatory, antioxidative, and pro-regenerative properties [37]. Therefore, another
group of ACLF animals was treated with the same secretome dose but derived from MSCs
that were preconditioned with TNF-α and INFγ in vitro. In this case, most deaths still
occurred within 16–24 h post-LPS/DGalN challenge; however, the 7-day survival rate in
the ACLF + Sec group increased significantly, reaching 60% (Figure 1A).

Considering these outcomes, subsequent studies exclusively employed the secretome
derived from preconditioned MSCs.

After the animals were euthanized, the hepatic, renal, and spleen indices (organ
weight/body weight) were determined. Data indicate that the liver index in the ACLF
group was significantly increased at 16 h after the challenge compared to the control and
cirrhosis groups (Table 1). Similarly, the cirrhosis group exhibited an increase in the spleen
index compared to the control group, reflecting immune-mediated liver fibrosis. This index
increased dramatically in the ACLF group from 8 to 24 h, whereas the ACLF + Sec group
showed a significant decrease in both liver and spleen indices (Table 1).

Table 1. MSC-secretome administration induces a decrease in liver and spleen index indices after
ACLF induction.

8 h 16 h 24 h 7 Days

Control Chronic ACLF ACLF + Sec ACLF ACLF + Sec ACLF ACLF + Sec ACLF ACLF + Sec

liver/body
weight ratio

(mg/g)
32.16 ± 0.6 35.3 ± 2 40.3 ± 2.1 37.6 ± 1.5 41.6 ± 1.6

a,b
35.8 ± 1.3

a,c 37.9 ± 0.8 38.1 ± 0.32 33.7 ± 0.7 31.7 ± 0.8

kidney/body
weight ratio

(mg/g)
3.14 ± 0.05 3.41 ± 0.13 3.49 ± 0.14 3.64 ± 0.16 3.50 ± 0.21 3.60 ± 0.19 3.55 ± 0.12

a,b 3.50 ± 0.8 3.38 ± 0.7 3.38 ± 0.17

spleen/body
weight ratio

(mg/g)
1.69 ± 0.06 2.11 ± 0.15

a
2.89 ± 0.13

a,b
2.75 ± 0.15

a,b
3.18 ± 0.24

a,b
2.5 ± 0.11

a,b,c
3.21 ± 0.41

a,b 2.56 ± 0.3 2.74 ± 0.03 1.91 ± 0.18
c

Liver function in each experimental group was assessed through serological tests. Data are presented as
mean ± SEM, n = 10; a p < 0.05 vs. control group; b p < 0.05 vs. cirrhosis group; c p < 0.05 vs. ACLF group.

At 8 h post-ACLF induction (LPS/DGalN administration), ballooning and the degen-
eration of hepatocytes were observed, along with areas of necrosis. However, from 16 to
24 h after the challenge, in line with increased animal mortality, livers in the ACLF group
exhibited heightened hepatocellular necrosis, pronounced septal fibrosis, hepatic conges-
tion, cytoplasmic vacuolization, and severe distortion of tissue architecture (Figure 1B). In
contrast, livers from the ACLF + Sec group demonstrated reduced hepatocyte death, less
edema, and thinner septal fibrosis.

Additionally, a significant influx of inflammatory cells was observed in the liver of
ACLF rats. In contrast, the rats treated with the secretome displayed fewer liver infiltrating
inflammatory cells (Figure 1B). For semiquantitative histological examination, a blinded
specialist pathologist determined necrosis, congestion, and inflammatory scores, using
previously validated scoring systems [55,56]. The ACLF + Sec group exhibited lower
individual scores than the vehicle-treated ACLF group (Figure 1C).

Seven days after the induction of acute failure, both the ACLF and ACLF + Sec groups
showed recovery in hepatic lobular microarchitecture alterations, a significant reduction in
inflammatory activity, and the disappearance of apoptosis. However, some regenerative
nodules persisted in the secretome-treated group (Figure S3).

Gluconeogenesis in hepatocytes (observed via PAS staining) is a reliable marker of
functional cell state. This marker significantly decreased during the acute phase of the
challenge (24 h) (95%± 1.9 in the control group; 60%± 5.8 in the cirrhosis group; 3.9% ± 0.6
in the ACLF group, and 8 ± 0.9 in the ACLF + Sec group). However, a recovery rate close
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to normal values was observed at 7 days, coinciding with hepatic regeneration in the
surviving animals.

Liver function in each experimental group was assessed through serological tests.
As indicated in Table 2, both transaminases, AST and ALT, and alkaline phosphatase
significantly increased in the ACLF and ACLF + Sec groups between 8 and 24 h post-ACLF
induction. However, secretome administration resulted in a partial decrease in AST levels
at 16 h. Similarly, direct bilirubin levels, associated with biliary secretion disorders and
changes in biliary duct permeability, showed a significant increase between 8 and 24 h post-
ACLF induction in the ACLF group and a significant reduction in the secretome-treated
animals. The plasma levels of all evaluated markers returned to near-normal values 7 days
after the induction of ACLF.

Table 2. The biochemical profile after ACLF induction.

8 h 16 h 24 h 7 Days

Control Cirrhosis ACLF ACLF + Sec ACLF ACLF + Sec ACLF ACLF + Sec ACLF ACLF + Sec

AST (U/L) 148 ± 42 243 ± 53 7450 ± 984
a,b

7317 ± 3920
a,b

28,700 ± 3700
a,b

5245 ± 4505
a,b,c

3700 ± 3150
a,b

5233 ± 2648
a,b 112 ± 20 120 ± 35

ALT (U/L) 64 ± 4 86 ± 13 5563 ± 874
a,b

6350 ± 3242
a,b

13,850 ± 3750
a,b

14,071 ± 5862
a,b

5461 ± 5370
a,b

7233 ± 4638
a,b 79 ± 10 73 ± 16

alkaline
phosphatase

(U/L)
288.8 ± 16 350.2 ± 25 362 ± 39.7 434 ± 31.1 463.8 ± 57.9

a,b
498.3 ± 52.4

a,b
580 ± 98.9

a,b 512 ± 48 a,b 278 ± 28 290.2 ± 41.3

direct
bilirubin
(mg/dL)

0.06 ± 0.01 0.09 ± 0.01 0.51 ± 0.09
a,b

0.47 ± 0.12
a,b 1.51 ± 0.33 a,b 0.71 ± 0.23

a,b,c
1.81 ± 0.72

a,b
0.42 ± 0.2

a,b,c 0.08 ± 0.02 0.10 ± 0.01

albumin
(g/dL) 3.27 ± 0.04 3.20 ± 0.07 3.03 ± 0.05 2.90 ± 0.09 3.40 ± 0.14 3.28 ± 0.11 3.13 ± 0.03 3.07 ± 0.15 3.08 ± 0.06 3.20 ± 0.08

Liver function in each experimental group was assessed through serological tests. Data are presented as
mean ± SEM, n = 10; a p < 0.05 vs. control group; b p < 0.05 vs. cirrhosis group; c p < 0.05 vs. ACLF group.

2.2. MSC-Secretome Administration Reduces the Apoptotic Rate and Induces Hepatocyte
Proliferation after ACLF Induction

As previously indicated, the chronic hepatic condition (cirrhosis) renders hepatocytes
particularly vulnerable to injuries, which is associated with the inhibition of the endogenous
regenerative capacity [11,12]. Since hepatocyte death occurs if cells cannot complete the
mitotic cycle, the TUNEL assay was employed to investigate whether apoptosis contributed
to the failure in liver regeneration in ACLF animals. As illustrated in Figure 2A, the TUNEL
assay revealed scarce apoptotic cells in the control group, while animals in the cirrhosis
group did not exhibit a significant increase. However, the rats in the ACLF groups displayed
an elevated apoptotic rate between 8 and 24 h after acute failure initiation. Conversely, a
significant reduction in TUNEL (+) nuclei was observed in the livers of MSC-secretome-
treated animals (Figure 2A).

These findings were corroborated by assessing the immunoreactivity of cleaved cas-
pase 3 in hepatic tissue through Western blotting. In agreement with previous results, no
differences were found in the apoptotic markers between the control and cirrhosis groups
(Figure S4). However, the induction of acute failure led to an increase in cleaved caspase
3 immunoreactivity, while secretome administration resulted in a significant decrease that
could be evidenced after 12 h of the ACLF induction (Figure 2C).

Immunofluorescence staining for the proliferation marker PCNA was developed to
evaluate hepatic proliferation activity. As shown in Figure 2B, acute injury induction
triggered a proliferative response, which was significantly enhanced in the ACLF group
treated with secretome, at least up to 24 h after ACLF induction. Complementarily, we
assessed PCNA immunoreactivity in hepatic tissue by Western blotting. No significant
differences were found between the control and cirrhosis groups (Figure S4). However,
secretome administration increased total PCNA immunoreactivity at 8 and 24 h post-acute
challenge compared with the ACLF vehicle-treated group (Figure 2D). Previous studies
have shown that once the regenerative response in the liver is induced, an early response in
PCNA expression can be observed, followed by a second stimulus of proliferation 24–48 h
later [57]. The lack of a correlation between PCNA values determined by immunofluo-
rescence and Western blotting could be related to the fact that, in immunofluorescence
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evaluation, there is no threshold for immunoreactivity, and nuclei with high or low PCNA
expression are considered positives [58]. On the other hand, Western blotting is a semiquan-
titative technique representing the total amount of PCNA in the tissue. For this reason, in
the current study, both methodologies were used in a complementary way. It is important
to highlight that, with both methods, it was observed that the administration of secretome
had an inducing effect on hepatic regeneration.
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ACLF induction. Apoptosis and cellular proliferation were analyzed at 8, 16, and 24 h post-ACLF induc-
tion in all experimental groups. MSC secretome’s effect on apoptosis was assessed via TUNEL staining
(FITC—green), and proliferation was assessed via PCNA immunoreactivity (Alexa Fluor 555—red);
in both cases, the nuclei were counterstained with DAPI (blue): (A) Representative micrographs of
cell apoptosis determined by TUNEL (white arrowheads). (B) Representative micrographs of hepa-
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against GAPDH. Data are presented as mean ± SEM, whereas dots represet individual values, n = 5;
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Collectively, these results demonstrate that the systemic administration of secretome
in this ACLF model reduces hepatocellular death and induces hepatocyte proliferation.

2.3. MSC-Secretome Administration Increases Anti-Inflammatory Cytokine Expression

ACLF is characterized by a complex disbalance in the hepatic and systemic immune
responses [8]. We evaluated the expression of key cytokines in the liver to characterize the
ACLF animal model and the effects of MSC-secretome administration.

In both the ACLF and ACLF + Sec groups, there was a rapid increase (within 16 h post-
acute failure induction) in the hepatic expression levels of pro-inflammatory cytokines such
as MCP-1, TNF-α, IL-6, CINC-1, and IL-1β (Figure 3). This response is linked to the severity
of the ACLF model used, which is associated with an exacerbated inflammatory response.

Although the administration of MSC-derived secretome did not decrease the ex-
pression levels of the evaluated pro-inflammatory cytokines, a significant increase in the
expression of cytokines with strong anti-inflammatory properties, such as IL-4 and IL-5,
was observed (Figure 3).

It has been previously reported that IL-22 plays a crucial role in stimulating the
proliferative potential of hepatocytes under pathological conditions like ACLF [59]. In this
study, both the ACLF and ACLF + Sec groups showed an increase in the expression of
the IL-22 receptor (RIL-22). However, only the group treated with secretome exhibited a
significant increase in IL-22 expression (Figure 3).
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Figure 3. MSC-secretome administration increases hepatic anti-inflammatory cytokine expression
after ACLF induction. The hepatic mRNA levels of the cytokines MCP-1, TNF-α, IL-6, CINC1, IL-1β,
IL-18, IL-4, IL-5, IL-22, and IL-22 were quantified by RT-qPCR 16 h post-ACLF induction (LPS/DGalN
administration), normalized against β2 microglobulin (B2M) and expressed as fold change vs. control
group. Data are presented as mean ± SEM, whereas dots represet individual values (n = 5) (* p < 0.05
vs. control group; & p < 0.05 vs. cirrhosis group; # p < 0.05 vs. ACLF group).

The exacerbated immune response was confirmed by quantifying the protein levels of
pro- and anti-inflammatory molecules using the Milliplex system, at 16 h, 24 h, and 7 days
post-acute failure induction, both in hepatic tissue and plasma (Table 3). Consistent with the
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RT-qPCR findings, an increase in hepatic pro-inflammatory cytokine levels was observed in
both experimental groups (ACLF and ACLF + Sec). However, the MSC-secretome-treated
animals exhibited a partial decrease in hepatic TNF-α, CINC-1, and IL-6 levels compared
to the ACLF vehicle-treated group. Additionally, the ACLF + Sec group showed higher
levels of the anti-inflammatory molecules IL-2, IL-10, IL-13, IL-4, and IL-5 (Table 3).

Table 3. MSC-secretome administration increases hepatic and plasmatic anti-inflammatory cytokine
levels post-ACLF induction.

Hepatic Cytokine Levels

16 h 24 h 7 Days

Control Cirrhosis ACLF Sec ACLF Sec ACLF Sec

TNFα (pg/mg) 5.1 ± 1.6 5.3 ± 0.9 11.1 ± 0.4 a,b 15.4 ± 1.5 a,b,c 9.9 ± 1.7 a 7.2 ± 1.9 4.8 ± 1.6 4.1 ± 1

CINC-1 (pg/mg) N/D 170 ± 30 309 ± 110 a 154 ± 33 a,c 140 ± 5 a 129 ± 13 a 160 ± 15 a 130 ± 18 a

IL-6 (pg/mg) 1217 ± 38 790 ± 160 3329 ± 1000 a,b 1271 ± 60 c 853 ± 85 576 ± 51 630 ± 70 680 ± 62

MCP-1 (pg/mg) 44.3 ± 3 36.4 ± 3.3 158.1 ± 32 136.3 ± 25.8 108.9 ± 34.4 83.2 ± 20.5 63.8 ± 15 37.5 ± 8

IL-18 (pg/mg) 471 ± 52 779 ± 200 690 ± 199 946 ± 150 1378 ± 180 a,b 18,822 ± 200 a,b 670 ± 150 638 ± 80

IL-1b (pg/mg) 164 ± 7 183 ± 3 1456 ± 452 a,b 1816 ± 475 a,b 547 ± 151 691 ± 60 200 ± 40 230 ± 18

IL-2 (pg/mg) 45.2 ± 3.5 33.8 ± 6.4 13.4 ± 0.8 39.2 ± 3 c 13.2 ± 2.6 34 ± 5.7 c 25 ± 8 35 ± 7

IL-10 (pg/mg) 133 ± 8 116 ± 16 95 ± 12 111 ± 17 94 ± 16 116 ± 18 78 ± 14 120 ± 18

IL-13 (pg/mg) 5.6 ± 0.1 4.9 ± 0.5 4.3 ± 0.4 7.5 ± 0.5 a,b,c 4.9 ± 0.6 7.3 ± 0.4 a,b,c 3.8 ± 0.4 5.6 ± 0.7

IL-4 (pg/mg) 53 ± 3.5 40 ± 3.7 35 ± 3 52 ± 0.7 b,c 33.5 ± 2.1 55.5 ± 4 b,c 30 ± 1.5 38 ± 8

IL-5 (pg/mg) 24.3 ± 2.9 22.9 ± 1 33.6 ± 2.5 65.1 ± 4 a,b,c 30.4 ± 4.4 58.4 ± 3.8 a,b,c 18 ± 1 25 ± 3

Plasma Cytokine Levels

16 h 24 h 7 Days

Control Cirrhosis ACLF Sec ACLF Sec ACLF Sec

TNFα (pg/mL) 1.2 ± 0.2 1.4 ± 0.1 76.3 ± 14.3 a,b 59 ± 22.7 a,b 9.13 ± 5.7 a,b 15 ± 6.2 a,b 6.1 ± 2.7 1.8 ± 0.5

CINC-1 (ng/mL) N/D N/D 4 ± 0.3 a,b 3.6 ± 0.2 a,b 2.1 ± 1 a,b 1.8 ± 1 a,b N/D N/D

IL-6 (ng/mL) 0.06 ± 0.001 0.07 ± 0.001 11.1 ± 6 a,b 28.6 ± 15.6 a,b 17.2 ± 1 a,b 14 ± 1 a,b 0.1 ± 0.002 0.08 ± 0.025

MCP-1 (ng/mL) 0.032 ± 0.001 0.3 ± 0.09 a 192.5 ± 36.2 a,b 90 ± 23.1 a,b 27.5 ± 10 a,b 41.5 ± 14 a,b 0.2 ± 0.04 a 0.3 ± 0.05 a

IL-17 (pg/mL) 4.6 ± 1 6.7 ± 0.8 59.3 ± 15 a,b 74.6 ± 20 a,b 17.8 ± 12 a,b 29 ± 8 a,b 24 ± 4.7 a,b 18 ± 3.8 a,b

IL-2 (pg/mL) 200 ± 59 50 ± 16 a 226 ± 130 1160 ± 400 a,b,c 160 ± 55 1475 ± 738 a,b,c 83 ± 30 53 ± 15
IL-10 (pg/mL) 236 ± 115 10 ± 0.1 a 591 ± 270 b 1880 ± 620 a,b,c 909 ± 465 a,b 1024 ± 127 a,b 20 ± 0.5 160 ± 32 b

IL-13 (pg/mL) 2.38 ± 0.1 2.38 ± 0.1 5.2 ± 1.8 30.2 ± 12.8 a,b,c 12.3 ± 5.4 a,b 14.3 ± 6 a,b 3 ± 0.2 3.5 ± 0.2

IL-4 (pg/mL) 3.9 ± 0.01 3.9 ± 0.01 5.1 ± 1.1 51.5 ± 2.1 a,b,c 7.8 ± 2.5 4.9 ± 1 3.7 ± 0.1 4.2 ± 0.1

IL-5 (pg/mL) 21 ± 9 19 ± 5 104 ± 3 a,b 194 ± 35 a,b,c 62 ± 30 85 ± 28 a,b 20 ± 6 23 ± 5

Hepatic (upper panel) and plasmatic (lower panel) levels of pro- and anti-inflammatory cytokines were assessed
by Milliplex. Remarkable changes between ACLF and ACLF + Sec groups were highlighted. Data are presented
as mean ± SEM, n = 6; a p < 0.05 vs. control group; b p < 0.05 vs. cirrhosis group; c p < 0.05 vs. ACLF group. N/D:
not detected.

In agreement with the previous findings, a significant increase in the plasma levels of
pro-inflammatory cytokines was observed in both ACLF and ACLF + Sec groups at 16 and
24 h after acute liver failure. Conversely, animals treated with the secretome exhibited
elevated levels of anti-inflammatory molecules such as IL-2, IL-10, IL-13, IL-4, and IL-5,
primarily noted at 16 h following the induction of acute injury. Seven days after the acute
challenge, most of the inflammatory markers returned to normal values, aligning with the
resolution of hepatic failure observed in the surviving animals.

Consistent with observations in ACLF patients, the inflammatory response extended
beyond hepatic tissue in the experimental model utilized, demonstrating a systemic general
response [8,9]. The present results suggest that secretome administration induces an
increase in the anti-inflammatory response and, to a lesser extent, a reduction in the pro-
inflammatory response during a critical period associated with the survival of animals with
ACLF (16 h after the onset of ACLF induction).

2.4. MSC-Secretome Administration Decreases Hepatic Neutrophil and Macrophage Infiltration

Neutrophil infiltration into the liver constitutes a pivotal event in ACLF, reflecting
a sustained systemic inflammatory response within the hepatic milieu [60,61]. Flow cy-
tometric analysis revealed a significant increase in hepatic neutrophil infiltration in the



Int. J. Mol. Sci. 2024, 25, 2073 11 of 28

ACLF group 16 h post-acute injury compared with both the control and cirrhosis groups.
However, MSC-secretome administration resulted in a substantial reduction in neutrophil
infiltration (p = 0.058) (Figure 4A and Figure S5). In addition, we evaluated the hepatic
infiltration of monocytes by flow cytometry and obtained similar results, highlighting the
decrease in the inflammatory infiltration resulting from the MSC-secretome administration
(Figure 4B and Figure S5). To complement the flow cytometric analysis, the hepatic activity
of myeloperoxidase (MPO), the most abundant protein in neutrophils, was assessed at
the same experimental point [62]. Consistent with the previous findings, the ACLF group
exhibited an increase in MPO activity compared to the control and cirrhosis groups. In
contrast, secretome administration led to a significant decrease in the activity of this enzyme
(Figure 4C).
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Figure 4. MSC-secretome administration decreases hepatic neutrophil and macrophage infiltration after ACLF
induction. Hepatic infiltration of (A) neutrophils (labeled with RP1) and (B) monocytes (labeled with
His48) were evaluated by flow cytometry 16 h post-ACLF induction, n = 4. (C) Myeloperoxidase
(MPO) levels in hepatic tissues reflect neutrophil infiltration; data were normalized to protein amount
and expressed as fold change vs. control group, n = 6. (D) Macrophage infiltration (F4/80 Alexa 555,
red) in hepatic tissue 16 h post-ACLF induction was assessed by confocal microscopy. Nuclei were
counterstained with DAPI (blue). Scale bars represent 50 µm. Quantification of positive cells was
carried out by digital imaging analysis. Data are presented as mean ± SEM for 30 fields/animal,
six animals/group, whereas dots represet individual values; * p < 0.05 vs. control group; & p < 0.05
vs. cirrhosis group; # p < 0.05 vs. ACLF group.

Additionally, we employed confocal microscopy to evaluate macrophage infiltration
in the liver 16 h post-acute injury. As shown in Figure 4D, the number of F4/80(+) cells per
field was significantly higher in the ACLF group than in the control and cirrhosis groups.
Meanwhile, the administration of secretome induced a significant reduction in the number
of macrophages per field.



Int. J. Mol. Sci. 2024, 25, 2073 12 of 28

These observations align with the previous results, suggesting that administration of
MSC secretome diminishes hepatic inflammatory cell infiltration in the ACLF model.

2.5. MSC-Secretome Administration Increases Hepatic Nrf2 and Heme Oxygenase Levels While
Decreasing DNA Oxidative Damage

Nuclear factor erythroid 2 p45-related factor 2 (Nrf2) is associated with cytoprotective
gene expression such as heme oxygenase 1 (HO-1) [63]. Both factors are linked to a
reduction in oxidative stress and the stimulation of hepatocyte proliferation in response to
injury [64].

In this study, we assessed the expression of Nrf2 in the nuclear fraction of hepatic tissue
16 h after acute challenge. No differences were found between the control and cirrhosis
groups (Figure S6A); however, samples from the ACLF group exhibited a significant
decrease in Nrf2 levels, which was significantly reversed after secretome administration
(Figure 5A).
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Figure 5. MSC-secretome administration increases hepatic Nrf2 and HO-1 levels, decreasing oxidative damage
after ACLF induction: (A) Nrf2 levels were quantified in the nuclear fraction of hepatic tissue 16 h
post-ACLF induction. Values were normalized against histone H4. (B) Heme oxygenase 1 (HO-1)
levels were determined in total liver tissue fraction at the same time point, and data were normalized
against GAPDH. Results for both markers are presented as the mean ± SEM, n = 5, and expressed as
fold change vs. control group. (C) Given the role of Nrf2 and HO-1 in oxidative stress management,
levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) in plasma (left panel) and hepatic tissue (right
panel) were assessed 24 h post-ACLF induction by ELISA. Data are presented as mean ± SEM,
whereas dots represet individual values, n = 8; * p < 0.05 vs. control group; & p < 0.05 vs. cirrhosis
group; # p < 0.05 vs. ACLF group.

To investigate the downstream cascade of the Nrf2 pathway, the HO-1 protein level
was analyzed. No differences were observed between the control and cirrhosis groups
(Figure S6B). However, secretome administration significantly increased HO-1 expression
16 h after acute failure induction (Figure 5B).

The generation and accumulation of reactive oxygen species associated with in-
flammatory processes can lead to oxidative DNA damage, which is related to apoptosis
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activation [65]. Additionally, it has been reported that patients with liver failure present ele-
vated plasma levels of the DNA oxidation marker 8-hydroxy-2′-deoxyguanosine (8-OHdG),
proposed as a marker for liver failure progression [66]. Considering these factors, we eval-
uated hepatic and plasma levels of 8-OHdG 24 h after acute challenge. As shown in
Figure 5C, while no significant differences were found in 8-OHdG levels between the
control and cirrhosis groups, animals with ACLF exhibited a significant increase in both
hepatic and plasma levels of 8-OHdg, which was prevented by secretome administration.

These results suggest that secretome administration has an effect in inducing the
expression of signaling pathways associated with reducing oxidative damage.

2.6. MSC-Secretome Administration Mitigates Acute Kidney Injury Associated with ACLF

Systemic inflammation is the primary driver of ACLF occurrence and progression,
closely linked to the development of extrahepatic organ failure [8,14].

In this study, the ACLF group treated with vehicle exhibited moderate kidney injury,
characterized by pathological alterations, including vacuolization, brush border damage,
cell detachment, and tubular dilatation, as evidenced by PAS and H&E staining [67,68].
These morphological alterations, previously associated with AKI development [67], were
only subtly present in the secretome-treated animal group (Figure 6A).

Additionally, we assessed the mRNA levels of different markers associated with inflam-
mation and tubular damage, such as IL-18, high-mobility group box 1 (HMGB1), neutrophil
gelatinase-associated lipocalin (NGAL), and kidney injury molecule 1 (Kim-1) [69–71].
The expression of these markers significantly increased during the acute stage (between
8 and 24 h after ACLF induction) in the ACLF group and returned to normal levels in the
surviving animals seven days after the challenge (Figure 6B). In line with the previous
results, secretome administration led to a significant decrease in the expression of these
molecules. Additionally, changes in NGAL and Kim-1 were confirmed by Western blotting
16 h after ACLF induction (Figure 6C).

Finally, renal function was evaluated by determining the plasma levels of urea and
cystatin C (Table 4). Both experimental groups (ACLF and ACLF + Sec) showed a significant
increase in plasma urea levels 24 h after the challenge, returning to normal levels seven
days later. On the other hand, in the ACLF group, an increase was observed in the plasma
levels of cystatin C, which is considered a more sensitive and specific marker related to
renal function [72,73], remaining elevated for at least seven days (p = 0.064) after acute
failure. In contrast, the ACLF + Sec group exhibited a decrease in the plasma levels of
cystatin C compared to the vehicle-treated group (Table 4).

Table 4. MSC-secretome administration prevents renal failure after ACLF induction.

24 h 7 days

Control Cirrhosis ACLF Sec ACLF Sec

plasma urea
(ng/µg) 0.551 ± 0.039 0.651 ± 0.069 0.993 ± 0.088 a,b 1.1 ± 0.108 a,b 0.731 ± 0.07 0.515 ± 0.009

plasma cystatin
(ng/mL) 17.3 ± 1.6 16.2 ± 2.8 70.0 ± 18.4 a,b 35.1 ± 7.1 c 42.2 ± 15.5 14.7 ± 2.1

Plasmatic markers of renal function urea and cystatin C were evaluated 24 h and 7 days post-ACLF induction.
Data are presented as mean ± SEM, n = 8; a p < 0.05 vs. control group; b p < 0.05 vs. cirrhosis group; c p < 0.05 vs.
ACLF group.
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Figure 6. MSC-secretome administration mitigates acute kidney injury associated with ACLF. Histological
evaluation of renal effects of MSC-secretome administration in ACLF murine model: (A) Representa-
tive renal tissue micrographs 24 h post-ACLF induction, stained with PAS. ACLF group exhibited
histological alterations like brush border loss (black arrows), tubular dilatation (asterisks), and cell
detachment (blue arrows). Scale bars represent 100 µm. (B) mRNA levels of tubular damage markers
HMGB1, IL-18, Kim-1, and NGAL were quantified by RT-qPCR at 8, 16, 24 h, and 7 days post-ACLF
induction (LPS/NGalN administration) and normalized against GAPDH expression. Data are pre-
sented as mean ± SEM (n = 6) and expressed as fold change vs. control group. (C) Changes in
NGAL and Kim-1 levels were confirmed by Western blotting 16 h post-ACLF induction. Data are
presented as mean ± SEM (n = 5), whereas dots represet individual values; * p < 0.05 vs. control
group; & p < 0.05 vs. cirrhosis group; # p < 0.05 vs. ACLF group.

Taken together, these results demonstrate that MSC-secretome administration has a
renoprotective effect in the studied ACLF model.

2.7. MSC-Secretome Administration Reduces the Apoptotic Rate of Renal Cells after
ACLF Induction

To investigate the effect of secretome on tubular cells further, we assessed the apoptotic
rate during the acute phase (between 8 and 24 h after ACLF induction), as previously
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described for the liver. The ACLF group showed a significant increase in TUNEL (+) cells,
while the secretome-treated group exhibited significantly lower values (Figure 7A). These
results were confirmed by determining the levels of cleaved caspase 3 in renal tissue 16 h
after the acute challenge. In line with the previous result, the levels of this apoptotic marker
were virtually undetectable in the control and cirrhosis groups. In contrast, the ACLF group
showed a significant increase compared to the secretome-treated group (Figure 7B).
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Figure 7. MSC-Secretome Administration Reduces Apoptotic Rate of Renal Cells Post-ACLF Induction.
MSCs-secretome´s effects on renal apoptosis rate was analyzed at 8, 16 and 24 h post-ACLF induction
by TUNEL staining (FITC—-green) and confocal microscopy. The nuclei were counterstained with
DAPI (blue). (A) Representative micrographs of TUNEL-stained apoptosis in tubular sections (white
arrowshead). Quantification of positive nuclei per 100 cells was done using digital imaging analysis.
Data are presented as mean ± SEM for 30 fields/animal, six animals/group. Scale bars represent
50 µm. (B) Complementary apoptosis analysis via Western blot quantifying cleaved caspase-3
levels 16 h post-ACLF induction. Levels were normalized against GAPDH, data are presented as
mean ± SEM n = 5; whereas dots represents individual values. Expression undetected (N/D) in
control group * p < 0.05; & p < 0.05 vs. cirrhosis group; # p < 0.05 vs. ACLF group.

These results demonstrate that the systemic administration of secretome in this ACLF
model reduces kidney apoptosis.

2.8. MSC-Secretome Administration Reduces Renal Macrophage and Lymphocyte Infiltration

In the context of ACLF, understanding the role of macrophage and lymphocyte infil-
tration in the progression of renal damage is of utmost importance. The interplay of the
hepatic and renal systems is intricate, and immune cell infiltration is a crucial link in the
pathophysiological cascade [8].

The infiltration of macrophages has been associated with the initiation and exacer-
bation of renal damage in ACLF, emphasizing their potential as therapeutic targets to
modulate the inflammatory milieu [67]. Simultaneously, the involvement of lymphocytes,
particularly T cells, adds another layer of complexity to the interorgan crosstalk since dys-
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regulated immune activation and the infiltration of cytotoxic T cells have been implicated
in the progression of renal dysfunction in the context of ACLF [74].

We employed confocal microscopy to assess macrophage infiltration in the liver 16 h
post-acute injury. As shown in Figure 8A, the number of F4/80 (+) cells per field was
significantly higher in the ACLF group than in the control and cirrhosis groups. Remarkably,
secretome administration induced a marked reduction in the number of macrophages per
field. Consistent with the previous result, the number of CD3 (+) cells per field was
significantly higher in the ACLF group than in the control and cirrhosis groups. At the
same time, the administration of secretome induced a marked reduction in the number of
lymphocytes per field (Figure 8B).
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Figure 8. MSC-Secretome Administration Reduces Renal Macrophage and Lymphocyte Infiltration in
the ACLF animal model. The inflammatory response was assessed by evaluating the infiltration of
(A) macrophages (F4/80 Alexa 555, red) and (B) T lymphocytes (CD3 Alexa 555, red) by confocal
microscopy. Nuclei counterstained with DAPI (blue). Scale bars = 50 µm. Quantification of pos-
itive cells was carried out using digital imaging analysis. Data are presented as mean ± SEM of
30 fields/animal, six animals/group, whereas dots represet individual values; * p < 0.05 vs. control
group; & p < 0.05 vs. cirrhosis group; # p < 0.05 vs. ACLF group.
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Collectively, these findings indicate that the administration of MSC secretome can
decrease the renal inflammatory response in the studied ACLF model.

3. Discussion

In this study, we employed a previously validated ACLF animal model that mimics
the pathophysiological characteristics observed in clinical settings [49,50]. Hepatic cirrhosis
was induced by porcine serum administration [75], while the acute precipitating event was
simulated by administering LPS/DGalN, mimicking the physiological response to bacterial
infections. This model specifically highlights TLR-4-mediated immune cell activation and
the subsequent release of proinflammatory cytokines like TNF-α, CINC1, IL-6, and IL-1β,
contributing to hepatocyte apoptosis and necrosis [76].

ACLF’s pathological hallmarks include hepatic cell necrosis and inflammatory cell
infiltration, leading to hepatic failure. After ACLF induction, we observed an evolution
from diffuse to massive necrosis within 16–24 h. TUNEL assessment revealed many hepa-
tocytes undergoing apoptosis, correlating with the mortality observed in ACLF animals.
Thus, evaluations were focused on the acute phase (between 8 and 24 h after ACLF in-
duction), with a final follow-up at 7 days, when the hepatic regeneration process typically
resolves [58].

MSCs exhibit their most potent therapeutic effects during inflammation, so they
should be particularly effective in ACLF. However, clinical studies indicate that while
short-term efficacy is favorable, long-term survival did not significantly improve, leading
to controversy regarding the benefits of MSC treatment [27,30,77–79].

Extensive research highlights the importance of the pathological microenvironment
in modulating MSC response, in which aging, immunological, hormonal, and metabolic
alterations can impact the therapeutic potential of MSCs [80,81]. In an insightful study,
Zhen et al. demonstrated that MSCs exposed to the plasma of ACLF patients lose their
immunosuppressive potential and shift toward a pro-inflammatory response [35]. In this
study, they proposed that the factors present in the serum of ACLF patients significantly
affect the basic metabolism of MSCs, even surpassing the role of some inflammatory factors
that can enhance MSCs’ therapeutic effect.

Previous studies emphasize optimizing MSC-based therapies via in vitro precondi-
tioning to boost their therapeutic properties [38]. In that sense, the in vitro culture of MSCs
with pro-inflammatory cytokines stimulates their pro-regenerative, anti-inflammatory,
and antioxidant capacities [37,41]. Moreover, considering MSCs’ primary action mecha-
nism, namely the secretion of bioactive factors (known as secretomes), the development of
cell-free therapeutic strategies has gained significance [40,48].

In the current study, we proposed the use of MSCs derived from human adipose tissue,
as they are easily obtainable and abundant, with a higher yield than other sources like bone
marrow [82,83]. Their therapeutic effect has been demonstrated in preclinical and clinical
models [44,55].

Our approach combined MSC-derived secretome with in vitro preconditioning using
TNF-γ and INFγ. This treatment markedly improved 7-day survival rates in ACLF animals,
underscoring the enhanced therapeutic potential of the preconditioned secretome.

Considering the frequent use of histopathological analysis in the diagnosis and prog-
nosis of ACLF, our study employed a semiquantitative, validated scoring system to assess
liver pathology [55,56]. In ACLF animals, we observed symptoms such as congestion,
ballooning, hepatocyte degeneration, extensive necrosis, immune cell infiltration, and
significant hepatic architectural distortion. Conversely, animals treated with the secretome
displayed a marked reduction in these pathological markers.

Although plasma transaminase levels are used as indicators of hepatic function, in
this study, we did not find a correlation between enzyme levels and the survival of animals
treated with the secretome. AST and ALT levels significantly increased after ACLF induc-
tion, whereas the group treated with the secretome had lower AST levels (16 h post-ACLF
induction). The rupture of hepatocyte membranes leads to the release of enzymes into the
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bloodstream [84]. Since focal necrosis was still observed in animals treated with secretome,
a strong correlation between plasma aminotransferase levels and the extent of hepatic
damage could not be substantiated. This lack of a relationship between transaminase levels
and the degree of hepatic damage has been previously reported in various experimental
models and pathological conditions [21,55,85,86].

An increase in direct bilirubin is one of the clinical features of ACLF [3]. Following the
administration of MSC secretome, a significant decrease in plasma levels of this metabolite
was observed in the treated group. This finding aligns with the reduced congestion
hepatic score found in this study, as well as with previous research suggesting that MSC
administration can promote bilirubin metabolism [87].

We also investigated the impact of MSC secretome on pro-inflammatory cytokine
levels, including TNF-α, CINC1, MCP-1, IL-6, and IL-1β, which are key players in ACLF
induction and progression [8]. The increased inflammatory response was only transiently
reversed in the case of hepatic TNF-α, IL-6, and CINC1, 16 h post-ACLF induction. Mean-
while, MSC-secretome administration induced a robust anti-inflammatory reaction at both
hepatic and systemic levels.

The secretome-induced response could be mediated by a variety of soluble molecules,
such as nitric oxide and prostaglandin E2 (PGE2), as well as microvesicles containing
different miRNAs (146, 155, 949, 148a, and 1246) that modulate immune cell responses
by promoting the secretion of IL-10, IL-5 and IL-4 by dendritic cells and macrophages,
which block polymorphonuclear neutrophil influx into the injured tissue and prevent
further damage [20,88]. The detailed mechanism through which MSC-secreted factors
modulate the immune response remains unclear. Blocking studies have shown that the
inhibition of individual factors, including PGED2, IDO, IL-10, and TSG-6, can partially
reduce the in vitro and in vivo MSC effects, suggesting that the therapeutic effects of MSCs
are mediated by the interaction of various factors that regulate the multiple signaling
pathways of the immune system [43,48].

IL-22, a multitarget protein, is unique in the sense that is secreted by immune cells but
does not target them [89]. Anti-inflammatory macrophages and dendritic cells primarily
produce IL-22 and have been reported to have a hepatoprotective effect via the induction of
antiapoptotic activity in diverse hepatic conditions, including ACLF [59,90–92]. Its receptor
is only expressed in endothelial cells, including hepatocytes [93], but not in immune cells.
It is an ideal mediator for tissue repair in ACLF, where the overstimulation of the immune
system must be avoided. In agreement with these data, we observed that secretome
administration significantly increased the IL-22 receptor in the hepatic tissue, suggesting
that this event could be related to the beneficial effects observed after MSC administration.

In hepatic cirrhosis, hepatocytes exhibit increased vulnerability to inflammatory pro-
cesses and oxidative stress, coupled with a suppressed regenerative capacity, leading to
high mortality rates [11,12,59]. In this study, we found that secretome administration
after ACLF induction reduced the rate of cellular apoptosis and increased the hepatic
regeneration rate. This response could be indirectly mediated through the reduction in the
inflammatory response and oxidative stress (see below), in addition to direct mediation
by the broad spectrum of molecules present in the secretome, including bFGF, EGF, VEGF,
IGF-1, MFGE8, and HGF, with great potential to induce hepatocyte proliferation even in
conditions where it is inhibited [21,43,58,94,95].

Nrf2 is a crucial molecule for the modulation of oxidative stress. When Nrf2 enters
the nucleus, it binds to the antioxidative response element and promotes the expression of
HO-1, an inducible isoform of heme oxygenase, which catalyzes the degradation of heme,
producing bilirubin, ferrous iron, and carbon monoxide, which are potent free radical
scavengers in the body [96]. Additionally, both factors play an important protective role
against inflammatory diseases [97] and induce hepatic regeneration [98,99].

This study suggests that the therapeutic effects of MSC-secretome administration can
be mediated through the activation of the Nrf2 pathway; the stimulation of the expression
of its target genes, including HO-1; and the translation of this mechanism into a reduction
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in oxidative damage measured by the hepatic and plasma levels of 8-OHdg. Although
multiple studies have shown that MSCs can stimulate the expression of Nrf2 and HO-1, the
specific mechanism associated with this effect has not yet been fully elucidated [56,63,100].

Following acute hepatic injury, neutrophils and monocytes are recruited to the
liver [101], where they are activated in the context of pro-inflammatory cytokines. Excess
infiltration increases tissue damage through increased oxidative damage [102]. In the
present study, we observed a decrease in the hepatic infiltration of neutrophils, monocytes,
and macrophages, which could be mediated by a reduction in reactive oxygen species
resulting from the activation of the Nrf2 pathway [56,103,104].

The direct extension of systemic inflammation to other organs impairs cellular function
and may induce necrosis and/or apoptosis. The kidney is highly susceptible to systemic
alterations associated with ACLF [105]. The detection of TLR-4 expression in kidney cells
indicates a direct link between increasing circulating microbial PAMPs and the subsequent
pro-inflammatory cascade in this end-organ injury [105].

The experimental ACLF model used in this study developed extra-hepatic damage,
as evidenced by renal alterations. ACLF animals presented moderate tubular histological
alterations such as the loss of brush border and tubular dilatation, which have been
associated with ACLF-derived kidney injury [67,68]. Furthermore, more sensitive molecular
studies revealed an increase in markers of tubular damage and inflammation such as Kim-1,
IL-18, HMGB1, and NGAL [69–71] in the ACLF group. These changes were associated with
a significant increase in the tubular apoptosis rate in the ACLF group. The histological
alterations were accompanied by an increase in the plasma levels of urea and cystatin C,
both considered reliable markers of kidney function.

Given the pleiotropic effects of secretome bioactive molecules and their systemic
administration, treatment could prevent these changes. Additionally, the renal infiltration
of macrophages and lymphocytes has been linked to an exacerbation of tissue damage in
the context of ACLF [67,74]. Consistent with the hepatic analysis results, the administration
of secretome prevented the cellular infiltration of immune cells in the tubular space.

Despite MSCs’ promise, challenges in their clinical application include safety con-
cerns, the need for large cell numbers, and the associated production and handling
costs [43,48,74,106,107].

In that sense, interesting previous studies have reported that the administration of
living MSCs has a protective effect in a murine model of ACLF. However, the number of
cells administered in these reports varied between 2 × 106 and 8 × 106 per animal [50,108].
While these reports are a valuable proof of concept, they present a translational limitation,
since in clinical practice, the maximum number of MSCs that can be administered is
2 × 106 per kilogram [109].

In this regard, the boosted secretome used in the present work presents several ad-
vantages over the administration of live cells, making it a more promising therapeutic
alternative [39]. Moreover, allogeneic MSCs can be obtained from young, healthy donors,
who have an advantage in proliferation and anti-inflammatory and pro-regenerative factor
production [48]. Finally, MSC secretomes can be lyophilized, facilitating their manufacture
their manufacturing, storage, distribution, and administration [110].

In conclusion, in the present work, we found that the systemic administration of MSC-
derived secretomes obtained from human adipose tissue that had been boosted in vitro to
increase their regenerative capacity had strong hepatic and renal therapeutic effects in a
severe ACLF animal model, leading to significantly increased animal survival.

Considering that (i) the mortality of patients with ACLF significantly increases with
the involvement of organs other than the liver, most frequently the kidney; (ii) the ineffec-
tiveness of actual approaches seems to be related to the fact that ACLF is a multifactorial
triggered disease and involves many interrelated mechanisms; and (iii) the limited time
window that patients with ACLF have to receive treatment before suffering severe liver fail-
ure, we postulate that the MSC secretome can be a promising alternative for the treatment
of these patients.
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4. Materials and Methods
4.1. Isolation, Expansion, and Characterization of MSCs Derived from Human Adipose Tissue

MSCs were isolated from the subcutaneous adipose tissue in the abdominal region and
harvested from donors undergoing cosmetic liposuction at Clínica Alemana-Universidad
del Desarrollo, Santiago, Chile, as previously described [42]. Written informed consent
was obtained from all donors before sample collection. The protocol was approved by
the Ethics Committee of the Facultad de Medicina, CAS-UDD. Subsequently, cells were
characterized according to their adipogenic and osteogenic differentiation potential by the
presence of putative MSC markers (CD29, CD13, CD90, and CD73) and the absence of other
cell lineages markers (CD45, CD31, and CD235a), as previously described [42].

4.2. MSC Preconditioning and Secretome Generation

The secretome from preconditioned MSCs was harvested following a method previ-
ously established by our group [111]. The MSCs derived from human adipose tissue (at pas-
sage 3) were incubated in alpha minimal essential medium (α-MEM, Gibco, Carlsbad, CA,
USA), supplemented with 10% fetal bovine serum (FBS, HyClone, Marlborough, Australia)
and 1.16 mg/mL gentamicin (Sanderson, Laurel, MS, USA) until reaching 70% confluence
and preconditioned via incubation with 10 ng/mL TNF-α and 15 mg/mL INFγ (R&D
System, Mineapolis, USA) for 40 h. We and others [41,112] have previously described that
this preconditioning strategy significantly improves the effects of anti-inflammatory and
pro-regenerative factors compared to non-preconditioned MSCs.

After preconditioning, cells were washed with phosphate-buffered saline (PBS, Gibco,
Carlsbad, CA, USA) three times and then cultured for an additional 48 h in α-MEM
without phenol red and FBS. Subsequently, the culture medium including the secretome
was collected and subjected to centrifugation at 400 × g for 10 min to separate intact cells.
The remaining supernatant was further centrifuged at 5000 × g for 10 min to eliminate
any cellular debris. This procedure was implemented to minimize the contamination
of the secretome with proteins released due to cell rupture. The secretome was then
passed through 0.22 µm filters. To concentrate the secretome, they were processed through
3 kDa cutoff filters (Millipore, Burlington, MA, USA), rinsed with 15 mL of PBS, and
concentrated again with the same filter type, achieving a 30-fold (v/v) concentration. The
protein concentration was determined using a bicinchoninic acid (BCA) assay kit (#23252,
Pierce, Thermo Fisher, Waltham, MA, USA), and the secretome was frozen at −80 ◦C
until use.

4.3. Experimental Animals

Sprague Dawley rats weighing 120–150 g were obtained from Universidad de Chile. They
were housed in an environmentally controlled room at constant temperature (22 ± 2 ◦C) and
60% relative humidity, with a 12:12 h light–dark cycle and free access to food and water. All
animal protocols were approved by the CICUAL Committee of Universidad del Desarrollo
(CICUAL number 6-2020).

4.4. Establishment of the ACLF Model

In this study, we employed a previously validated ACLF animal model [49–54]. For
this, male rats were randomly divided into two groups. The rats in the control group
received intraperitoneal (i.p.) 0.9% NaCl solution. In contrast, those in the ACLF group
were i.p.-administered with porcine serum (PS) (P9783 Sigma, Saint Luis, MI, USA) at
a dose of 0.5 mL twice weekly for 11 weeks to induce immune-mediated liver fibrosis.
After this period, the animals were intravenously injected with LPS (L2880 Sigma, Saint
Luis, MI, USA) at a dose of 50 µg/kg. Thirty minutes later, D-galactosamine (D-GalN)
(G0500 Sigma, Saint Luis, MI, USA) was i.p.-injected at a dose of 600 mg/kg to induce acute
liver failure through chronic liver cirrhosis. One hour later, the ACLF rats were randomly
divided into two groups. One received 200 µL of concentrated MSC secretome derived from
1 × 106 preconditioned MSCs (ACLF-secretome group), and the other received 200 µL of
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0.9% NaCl solution (ACLF group), via the tail vein. Animals were euthanized at 8, 16, 24 h,
and 7 days following the administration of MSC secretome or saline solution.

The ACLF condition is considered distinct from decompensated cirrhosis [2]. In this
study, a group of animals was euthanized once hepatic cirrhosis was established (via
the administration of porcine serum) before inducing acute failure (the administration of
LPS/GalN) (cirrhosis group). This group served as a control group to confirm that the
observed alterations were associated with the ACLF model rather than chronic cirrhosis.

Body weight was measured during the study, and the weights of the liver, kidney, and
spleen were measured immediately after euthanasia. The weights of these organs were
normalized relative to body weight and expressed as mg/g of rat body weight. Plasma was
stored at −80 ◦C until use. The hepatic and renal tissues were preserved for subsequent
molecular and histological analyses.

4.5. Survival Rate and Biochemical Indices

ACLF rats were monitored for survival for 7 days following ACLF induction. The
plasma levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase, direct bilirubin (DBiL), and albumin were measured using a Selectra Pro
S autoanalyzer.

For the assessment of renal function, blood urea nitrogen (BUN) was evaluated using
a quantitative colorimetric kit (Urea Assay Kit MAK006, Sigma, Saint Luis, MI, USA).
The plasma levels of cystatin C were determined by ELISA (ELR-CystatinC RayBiotech,
Pottstown, USA).

4.6. Hepatic and Renal Histology and Immunofluorescence Analysis

Sections of the right lobe of the liver and right kidney were removed from each group
for pathological examination. Following formalin fixation and paraffin embedding, the
tissue samples were sectioned into 4 µm slides and stained with hematoxylin–eosin to eval-
uate leukocyte infiltration. Masson’s trichrome stain was used to assess collagen deposition
and fibrosis, and periodic acid–Schiff (PAS) staining was employed to identify glycogen de-
position. The severity of liver injury was assessed using the Suzuki classification [113,114],
with slight modifications. The scoring for liver injury severity was as follows: none, 0;
within the lower third, 1; within the middle third, 2; and within the highest third, 3. Scores
were based on the degree of sinusoidal congestion, periportal, and pericentral inflamma-
tion, as well as the necrosis of parenchymal cells. All the stained sections were scored by
the same pathologist (B.M.) who was blinded for the treatment regimen. Five liver sections
per experimental group were evaluated, and five randomly selected high-power fields
were analyzed in each liver section. These scores have been previously reported in papers
evaluating related hepatic injuries in murine models [55,56,115].

Confocal microscopy was employed for the semiquantitative analysis of macrophage
(F4/80) and T lymphocyte (CD3+) infiltration, as previously described [21]. Tissue sections
were blocked using 5% FBS in Tris-buffered saline (TBS) and then incubated with primary
antibodies (F4/80 ab74383 and α-SMA ab5694 (Abcam, Fremont, CA, USA), along with
CD3 (A0452, Dako, Santa Clara, CA, USA)) in SignalStain diluent (Cell Signaling Technol-
ogy, Massachusetts, USA). Subsequently, these sections were washed and incubated with
secondary antibodies, followed by nuclei counterstaining with DAPI. The tissue sections
were analyzed using an Olympus Fluoview FV101 confocal microscope.

For the semiquantitative assessment of lymphocyte and macrophage infiltration, CD3+
and F4/80+ cells were evaluated in 30 random sections from each animal. The results were
expressed as the number of positive cells per tissue section [116].

To determine the rate of hepatic proliferation, liver sections were stained for prolif-
erating cell nuclear antigen (PCNA) using the anti-PCNA NB600-1331 antibody (Novus
Biologicals, Centennial, CO, USA). This analysis was performed through confocal mi-
croscopy, as detailed in a previous study [58].
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Apoptosis in hepatic and renal tissues was assessed using the terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling (TUNEL) technique with the Dead-
End™ Fluorometric TUNEL System (Promega, Madison, WI, USA). Following nuclei
counterstaining DAPI, the labeling indices were examined via confocal microscopy.

The proliferation and apoptosis rates were quantified by counting PCNA (+) and
TUNEL (+) nuclei per 100 cells across 30 high-power fields for each animal, with a total
of 6 animals in each experimental group. Cell quantification was conducted using ImageJ
1.52a software [58].

4.7. RNA Isolation and Gene Expression Analysis

The mRNA levels of the genes of interest were assessed by RT-qPCR as previously
described [58]. Total RNA was purified using TRIzol (Invitrogen Waltham, MA, USA),
following the manufacturer’s instructions. Two micrograms of total RNA were used to
perform reverse transcription with MMLV reverse transcriptase (Invitrogen, Waltham, MA,
USA) and oligo dT primers. The expression levels of CINC-1, IL-13, IL-4, IL-5, IL-6, IL-18,
MCP-1, TGFβ2, TNF-α, HMGB1, Kim-1, and NGAL were evaluated using specific primers
(Table S1) in a LightCycler 1.5 thermocycler (Roche). Relative quantification was performed
using the ∆∆CT method [117]. The mRNA level of each target gene was normalized
against the mRNA levels of beta-2 microglobulin (B2M) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and expressed as a fold of change relative to the control group.

4.8. DNA Oxidative Damage Measurement

The formation of 8-hydroxydeoxyguanosine (8-OHdG), a ubiquitous marker of ox-
idative stress, was evaluated using the OxiSelect Oxidative DNA Damage ELISA kit (Cell
Biolabs, Inc. San Diego, CA, USA), according to the manufacturer’s instructions. The level
of 8-OHdG in plasma was determined directly, while for its assessment in hepatic tissue,
DNA extraction from the tissues was first performed using DNAzol (Thermo, Waltham,
MA, USA), following the manufacturer’s instructions. The levels of 8-OHdG were ex-
pressed as ng/mL in plasma and ng/microgram of DNA in the hepatic tissue.

4.9. Quantification of Systemic and Hepatic Cytokine Levels

Cytokine levels (TNF-α, CINC-1, IL-6, MCP-1, IL-18, IL-13, IL-17, IL-2, IL-10, IL-13,
IL-4, and IL-5) were assessed in 25 µL of plasma, as previously described, using the
Milliplex MAP Rat Cytokine/Chemokine Magnetic Bead Panel (RECYTMAG-65k, Merk
Rahway, NJ, USA), following the manufacturer’s instructions [118]. Protein extraction was
performed using a T-PER Tissue Protein Extraction buffer (#78510 Thermo) supplemented
with protease inhibitors (Halt Protease Inhibitor Cocktail #78429, Thermo) to evaluate
cytokine levels in hepatic tissue. For the assessment, 100 µg of protein per well was utilized.

4.10. Quantification of Biological Markers by Western Blotting

Samples were taken from the right lobe of the liver and renal pole of animals from
each experimental group. Proteins were extracted using a T-PER Tissue Protein Extraction
buffer (#78510, Thermo, Waltham, MA, USA) supplemented with protease inhibitors (Halt
Protease Inhibitor Cocktail #78429, Thermo).

For the evaluation of Nrf2 levels, cytoplasmic and nuclear protein extracts were
obtained using a Nuclear Extraction kit (#10009277, Cayman, Michigan, USA), as previously
described, following the manufacturer’s instructions [63]. The protein concentration was
determined using a bicinchoninic acid (BCA) assay kit (#23252, Pierce, Thermo, Waltham,
MA, USA).

Western blots were performed using 50 µg of proteins. The membranes were sequen-
tially incubated with appropriate primary and secondary antibodies (Table S2). For the
loading control, the membranes were assessed for GAPDH or Histone H4. Reactive bands
were detected using the Odyssey Imaging System (LI-COR) and quantified using Image
Studio Lite 5.2 software.
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4.11. Isolation and Flow Cytometric Analysis of Leukocytes

Rats were euthanized with a lethal dose of ketamine (50 mg/kg) and xylazine (5 mg/kg).
Blood was obtained via cardiac puncture, and then the animals were perfused with perfu-
sion buffer (dextrose 4%, NaCl 8%, and saccharose 0.8%). After perfusion, the liver sample
was collected.

Single-cell suspensions were obtained from the liver samples by performing enzy-
matic digestion in an RPMI 1640 medium supplemented with 10% FCS, collagenase D 1
(mg/mL) (Roche, Rotkreuz, Switzerland), and DNase I 50 µg/mL (Roche) at 37 ◦C for
30 min, followed by dissociation with gentleMACS (Miltenyi Biotec, Waltman, MA, USA).
Homogenates were passed through a metal mesh. Subsequently, leukocytes were isolated
by density gradient centrifugation using 37% Percoll (GE Healthcare Bio-Sciences, Spain).

Cells were surface-stained for 30 min at 4 ◦C with FITC-conjugated mouse anti-rat
Granulocytes, PECy7-conjugated mouse anti-rat CD45, PE-CF594-conjugated mouse anti-
rat RP-1, BV786-conjugated mouse anti-rat macrophage subset (all BD Pharmingen), and a
fixable dead cell stain (eBioscience™ Fixable Viability Dye eFluor™ 780) to exclude dead
cells from analysis.

Samples were measured with a BD FACSAria III (BD Biosciences), and data analysis
was performed using the FLowJo V10 software (Treestar, USA) or the FACSDiva Version
6.1.3 (BD Bio-Sciences, USA).

4.12. Statistical Analyses

Statistical analyses were conducted using GraphPad Prism 8 software. Data are
presented as mean ± SEM. Kruskal–Wallis followed by Dunn’s multiple comparison test as
a post hoc test was performed for the comparison of experimental groups. A significance
level of p < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25042073/s1.

Author Contributions: Conceptualization, M.E. and F.E.; methodology, R.A., Y.D., B.C., V.S. (Veronica
Silva), Y.-L.H., C.R. and C.M.; software analysis, S.S. and B.M.; histological validation, B.M.; flow
cytometric analysis, V.S. (Valeska Simon) and M.R.B.; investigation, M.E. and F.E.; resources, M.E.,
F.E., M.R.B. and M.R.; data curation, M.E. and M.R.B.; writing—original draft preparation, M.E.;
project administration, M.E.; funding acquisition, M.E. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by ANID Fondecyt Regular 1200308 to M. Ezquer; ANID
Fondecyt Regular 1200287 to F. Ezquer; and ANID Fondecyt Regular 1230183, Centro Ciencia and
Vida FB210008, and Fondequip/EQM140016 to M.R. Bono.

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Clínica
Alemana-Universidad del Desarollo (protocol code 2020-29, approved 16 April 2020), and Institu-
tional Committee for Animal Care (CICUAL), Facultad de Medicina, Clínica Alemana-Universidad
del Desarrollo (protocol code: 06/2020_CICUAL-UDD, approved 15 April 2020).

Informed Consent Statement: MSCs were isolated from subcutaneous adipose tissue (abdominal
region) obtained from donors undergoing cosmetic liposuction at Clínica Alemana, Santiago, Chile,
as previously described. Written informed consent was obtained for all samples. All protocols
were approved by the Ethics Committee of Facultad de Medicina, Clínica Alemana-Universidad
del Desarrollo.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The technical assistance provided by Catalina Vallejos and Jorge Ruiz and the
administrative collaboration of Luciana Ezquer and Julieta Ezquer are greatly appreciated.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ijms25042073/s1
https://www.mdpi.com/article/10.3390/ijms25042073/s1


Int. J. Mol. Sci. 2024, 25, 2073 24 of 28

References
1. Luo, J.; Li, J.; Li, P.; Liang, X.; Hassan, H.M.; Moreau, R.; Li, J. Acute-on-chronic liver failure: Far to go—A review. Crit. Care 2023,

27, 259. [CrossRef]
2. Moreau, R.; Jalan, R.; Gines, P.; Pavesi, M.; Angeli, P.; Cordoba, J.; Durand, F.; Gustot, T.; Saliba, F.; Domenicali, M.; et al. Acute-

on-chronic liver failure is a distinct syndrome that develops in patients with acute decompensation of cirrhosis. Gastroenterology
2013, 144, 1426–1437. [CrossRef]

3. Sarin, S.K.; Choudhury, A.; Sharma, M.K.; Maiwall, R.; Al Mahtab, M.; Rahman, S.; Saigal, S.; Saraf, N.; Soin, A.S.; Devarbhavi,
H.; et al. Acute-on-chronic liver failure: Consensus recommendations of the Asian Pacific association for the study of the liver
(APASL): An update. Hepatol. Int. 2019, 13, 353–390. [CrossRef]

4. Fernández, J.; Acevedo, J.; Wiest, R.; Gustot, T.; Amoros, A.; Deulofeu, C.; Reverter, E.; Martínez, J.; Saliba, F.; Jalan, R.; et al.
Bacterial and fungal infections in acute-on-chronic liver failure: Prevalence, characteristics and impact on prognosis. Gut 2018, 67,
1870–1880. [CrossRef]

5. Yang, L.; Wu, T.; Li, J.; Li, J. Bacterial Infections in Acute-on-Chronic Liver Failure. Semin. Liver Dis. 2018, 38, 121–133. [CrossRef]
6. Bajaj, J.S.; O’Leary, J.G.; Reddy, K.R.; Wong, F.; Biggins, S.W.; Patton, H.; Fallon, M.B.; Garcia-Tsao, G.; Maliakkal, B.; Malik, R.;

et al. Survival in infection-related acute-on-chronic liver failure is defined by extrahepatic organ failures. Hepatology 2014, 60,
250–256. [CrossRef]

7. Chen, P.; Wang, Y.Y.; Chen, C.; Guan, J.; Zhu, H.H.; Chen, Z. The immunological roles in acute-on-chronic liver failure: An update.
Hepatobiliary Pancreat. Dis. Int. 2019, 18, 403–411. [CrossRef]

8. Clària, J.; Arroyo, V.; Moreau, R. Roles of systemic inflammatory and metabolic responses in the pathophysiology of acute-on-
chronic liver failure. JHEP Rep. 2023, 5, 100807. [CrossRef] [PubMed]

9. Laleman, W.; Claria, J.; Van der Merwe, S.; Moreau, R.; Trebicka, J. Systemic Inflammation and Acute-on-Chronic Liver Failure:
Too Much, Not Enough. Can. J. Gastroenterol. Hepatol. 2018, 2018, 1027152. [CrossRef] [PubMed]

10. Zaccherini, G.; Weiss, E.; Moreau, R. Acute-on-chronic liver failure: Definitions, pathophysiology and principles of treatment.
JHEP Rep. 2021, 3, 100176. [CrossRef] [PubMed]

11. Shubham, S.; Kumar, D.; Rooge, S.; Maras, J.S.; Maheshwari, D.; Nautiyal, N.; Kumari, R.; Bhat, A.; Kumar, G.; Rastogi, A.; et al.
Cellular and functional loss of liver endothelial cells correlates with poor hepatocyte regeneration in acute-on-chronic liver failure.
Hepatol. Int. 2019, 13, 777–787. [CrossRef] [PubMed]

12. Engelmann, C.; Mehta, G.; Tacke, F. Regeneration in acute-on-chronic liver failure—The phantom lost its camouflage. J. Hepatol.
2020, 72, 610–612. [CrossRef] [PubMed]

13. Gustot, T.; Fernandez, J.; Garcia, E.; Morando, F.; Caraceni, P.; Alessandria, C.; Laleman, W.; Trebicka, J.; Elkrief, L.; Hopf, C.; et al.
Clinical Course of acute-on-chronic liver failure syndrome and effects on prognosis. Hepatology 2015, 62, 243–252. [CrossRef]
[PubMed]

14. Yoo, J.J.; Park, M.Y.; Kim, S.G. Acute kidney injury in patients with acute-on-chronic liver failure: Clinical significance and
management. Kidney Res. Clin. Pract. 2023, 42, 286–297. [CrossRef] [PubMed]

15. Finkenstedt, A.; Nachbaur, K.; Zoller, H.; Joannidis, M.; Pratschke, J.; Graziadei, I.W.; Vogel, W. Acute-on-chronic liver failure:
Excellent outcomes after liver transplantation but high mortality on the wait list. Liver Transplant. 2013, 19, 879–886. [CrossRef]

16. Andrzejewska, A.; Lukomska, B.; Janowski, M. Concise review: Mesenchymal Stem Cells: From Roots to Boost. Stem Cells 2019,
37, 855–864. [CrossRef] [PubMed]

17. Gwam, C.; Mohammed, N.; Ma, X. Stem cell secretome, regeneration, and clinical translation: A narrative review. Ann. Transl.
Med. 2021, 9, 70. [CrossRef]

18. Wu, M.C.; Meng, Q.H. Current understanding of mesenchymal stem cells in liver diseases. World J. Stem Cells 2021, 13, 1349–1359.
[CrossRef]

19. Liu, W.; Song, F.; Ren, L.; Guo, W.; Wang, T.; Feng, Y.; Tang, L.; Li, K. The multiple functional roles of mesenchymal stem cells in
participating in treating liver diseases. J. Cell. Mol. Med. 2015, 19, 511–520. [CrossRef]

20. Wu, X.; Jiang, J.; Gu, Z.; Zhang, J.; Chen, Y.; Liu, X. Mesenchymal stromal cell therapies: Immunomodulatory properties and
clinical progress. Stem Cell Res. Ther. 2020, 11, 345. [CrossRef] [PubMed]

21. Huang, Y.L.; De Gregorio, C.; Silva, V.; Elorza, A.; Léniz, P.; Aliaga-Tobar, V.; Maracaja-Coutinho, V.; Budini, M.; Ezquer, F.; Ezquer,
M. Administration of Secretome Derived from Human Mesenchymal Stem Cells Induces Hepatoprotective Effects in Models of
Idiosyncratic Drug-Induced Liver Injury Caused by Amiodarone or Tamoxifen. Cells 2023, 12, 636. [CrossRef]

22. Ryu, K.H.; Kim, S.Y.; Kim, Y.R.; Woo, S.Y.; Sung, S.H.; Kim, H.S.; Jung, S.C.; Jo, I.; Park, J.W. Tonsil-derived mesenchymal stem
cells alleviate concanavalin A-induced acute liver injury. Exp. Cell Res. 2014, 326, 143–154. [CrossRef]

23. Jang, Y.O.; Cho, M.Y.; Yun, C.O.; Baik, S.K.; Park, K.S.; Cha, S.K.; Chang, S.J.; Kim, M.Y.; Lim, Y.L.; Kwon, S.O. Effect of
Function-Enhanced Mesenchymal Stem Cells Infected with Decorin-Expressing Adenovirus on Hepatic Fibrosis. Stem Cells Transl.
Med. 2016, 5, 1247–1256. [CrossRef]

24. Zagoura, D.S.; Roubelakis, M.G.; Bitsika, V.; Trohatou, O.; Pappa, K.I.; Kapelouzou, A.; Antsaklis, A.; Anagnou, N.P. Therapeutic
potential of a distinct population of human amniotic fluid mesenchymal stem cells and their secreted molecules in mice with
acute hepatic failure. Gut 2012, 61, 894–906. [CrossRef]

https://doi.org/10.1186/s13054-023-04540-4
https://doi.org/10.1053/j.gastro.2013.02.042
https://doi.org/10.1007/s12072-019-09946-3
https://doi.org/10.1136/gutjnl-2017-314240
https://doi.org/10.1055/s-0038-1657751
https://doi.org/10.1002/hep.27077
https://doi.org/10.1016/j.hbpd.2019.07.003
https://doi.org/10.1016/j.jhepr.2023.100807
https://www.ncbi.nlm.nih.gov/pubmed/37600957
https://doi.org/10.1155/2018/1027152
https://www.ncbi.nlm.nih.gov/pubmed/30155448
https://doi.org/10.1016/j.jhepr.2020.100176
https://www.ncbi.nlm.nih.gov/pubmed/33205036
https://doi.org/10.1007/s12072-019-09983-y
https://www.ncbi.nlm.nih.gov/pubmed/31515741
https://doi.org/10.1016/j.jhep.2020.01.003
https://www.ncbi.nlm.nih.gov/pubmed/31953140
https://doi.org/10.1002/hep.27849
https://www.ncbi.nlm.nih.gov/pubmed/25877702
https://doi.org/10.23876/j.krcp.22.264
https://www.ncbi.nlm.nih.gov/pubmed/37313610
https://doi.org/10.1002/lt.23678
https://doi.org/10.1002/stem.3016
https://www.ncbi.nlm.nih.gov/pubmed/30977255
https://doi.org/10.21037/atm-20-5030
https://doi.org/10.4252/wjsc.v13.i9.1349
https://doi.org/10.1111/jcmm.12482
https://doi.org/10.1186/s13287-020-01855-9
https://www.ncbi.nlm.nih.gov/pubmed/32771052
https://doi.org/10.3390/cells12040636
https://doi.org/10.1016/j.yexcr.2014.06.007
https://doi.org/10.5966/sctm.2015-0323
https://doi.org/10.1136/gutjnl-2011-300908


Int. J. Mol. Sci. 2024, 25, 2073 25 of 28

25. Peng, L.; Xie, D.Y.; Lin, B.L.; Liu, J.; Zhu, H.P.; Xie, C.; Zheng, Y.B.; Gao, Z.L. Autologous bone marrow mesenchymal stem cell
transplantation in liver failure patients caused by hepatitis B: Short-term and long-term outcomes. Hepatology 2011, 54, 820–828.
[CrossRef]

26. Khan, S.; Khan, R.S.; Newsome, P.N. Cell Therapy for Liver Disease: From Promise to Reality. Semin. Liver Dis. 2020, 40, 411–426.
[CrossRef]

27. Lin, B.L.; Chen, J.F.; Qiu, W.H.; Wang, K.; Xie, D.; Chen, X.; Liu, Q.; Peng, L.; Li, J.; Mei, Y.; et al. Allogeneic bone marrow–derived
mesenchymal stromal cells for hepatitis B virus–related acute-on-chronic liver failure: A randomized controlled trial. Hepatology
2017, 66, 209–219. [CrossRef]

28. Zhang, Z.; Lin, H.; Shi, M.; Xu, R.; Fu, J.; Lv, J.; Chen, L.; Lv, S.; Li, Y.; Yu, S.; et al. Human umbilical cord mesenchymal stem
cells improve liver function and ascites in decompensated liver cirrhosis patients. J. Gastroenterol. Hepatol. 2012, 27 (Suppl. S2),
112–120. [CrossRef]

29. Mohamadnejad, M.; Alimoghaddam, K.; Bagheri, M.; Ashrafi, M.; Abdollahzadeh, L.; Akhlaghpoor, S.; Bashtar, M.; Ghavamzadeh,
A.; Malekzadeh, R. Randomized placebo-controlled trial of mesenchymal stem cell transplantation in decompensated cirrhosis.
Liver Int. 2013, 33, 1490–1496. [CrossRef]

30. Liu, Y.; Dong, Y.; Wu, X.; Xu, X.; Niu, J. The assessment of mesenchymal stem cells therapy in acute on chronic liver failure and
chronic liver disease: A systematic review and meta-analysis of randomized controlled clinical trials. Stem Cell Res. Ther. 2022, 13,
204. [CrossRef] [PubMed]

31. Shi, M.; Li, Y.Y.; Xu, R.N.; Meng, F.P.; Yu, S.J.; Fu, J.L.; Hu, J.H.; Li, J.X.; Wang, L.F.; Jin, L.; et al. Mesenchymal stem cell therapy in
decompensated liver cirrhosis: A long-term follow-up analysis of the randomized controlled clinical trial. Hepatol. Int. 2021, 15,
1431–1441. [CrossRef] [PubMed]

32. Hu, C.; Li, L. Preconditioning influences mesenchymal stem cell properties in vitro and in vivo. J. Cell. Mol. Med. 2018, 22,
1428–1442. [CrossRef]

33. Khansari, N.; Shakiba, Y.; Mahmoudi, M. Chronic inflammation and oxidative stress as a major cause of age-related diseases and
cancer. Recent Pat. Inflamm. Allergy Drug Discov. 2009, 3, 73–80. [CrossRef]

34. Zhang, K.; Sun, H.; Cao, H.; Jia, Y.; Shu, X.; Cao, H.; Zhang, Y.; Yang, X. The impact of recipient age on the effects of umbilical
cord mesenchymal stem cells on HBV-related acute-on-chronic liver failure and liver cirrhosis. Stem Cell Res. Ther. 2021, 12, 466.

35. Zheng, Y.; Zhu, S.; Zheng, X.; Xu, W.; Li, X.; Li, J.; Gao, Z.; Xie, C.; Peng, L. Serum from Acute-on-chronic Liver Failure Patients
May Affect Mesenchymal Stem Cells Transplantation by Impairing the Immunosuppressive Function of Cells. J. Clin. Transl.
Hepatol. 2021, 9, 503. [CrossRef]

36. Duijvestein, M.; Wildenberg, M.E.; Welling, M.M.; Vos, A.C.W.; Hennink, S.; Bosse, T.; Muller, E.S.d.J.; Roelofs, H.; Verspaget,
H.W.; Fibbe, W.E.; et al. Pretreatment with interferon-gamma enhances the therapeutic activity of mesenchymal stromal cells in
animal models of colitis. Stem Cells 2011, 29, 1549–1558. [CrossRef]

37. Schafer, R.; Spohn, G.; Baer, P.C. Mesenchymal Stem/Stromal Cells in Regenerative Medicine: Can Preconditioning Strategies
Improve Therapeutic Efficacy? Transfus. Med. Hemother. 2016, 43, 256–267. [CrossRef] [PubMed]

38. Ezquer, F.; Huang, Y.L.; Ezquer, M. New Perspectives to Improve Mesenchymal Stem Cell Therapies for Drug-Induced Liver
Injury. Int. J. Mol. Sci. 2022, 23, 2669. [CrossRef] [PubMed]

39. Watanabe, Y.; Tsuchiya, A.; Terai, S. The development of mesenchymal stem cell therapy in the present, and the perspective of
cell-free therapy in the future. Clin. Mol. Hepatol. 2021, 27, 70–80. [CrossRef]

40. Ferreira, J.R.; Teixeira, G.Q.; Santos, S.G.; Barbosa, M.A.; Almeida-Porada, G.; Goncalves, R.M. Mesenchymal Stromal Cell
Secretome: Influencing Therapeutic Potential by Cellular Pre-conditioning. Front. Immunol. 2018, 9, 2837. [CrossRef]

41. Ezquer, F.; Quintanilla, M.E.; Morales, P.; Ezquer, M.; Lespay-Rebolledo, C.; Herrera-Marschitz, M.; Israel, Y. Activated mesenchy-
mal stem cell administration inhibits chronic alcohol drinking and suppresses relapse-like drinking in high-alcohol drinker rats.
Addict. Biol. 2019, 24, 17–27. [CrossRef] [PubMed]

42. Oses, C.; Olivares, B.; Ezquer, M.; Acosta, C.; Bosch, P.; Donoso, M.; Leniz, P.; Ezquer, F. Preconditioning of adipose tissue-derived
mesenchymal stem cells with deferoxamine increases the production of pro-angiogenic, neuroprotective and anti-inflammatory
factors: Potential application in the treatment of diabetic neuropathy. PLoS ONE 2017, 12, e0178011. [CrossRef] [PubMed]

43. Driscoll, J.; Patel, T. The mesenchymal stem cell secretome as an acellular regenerative therapy for liver disease. J. Gastroenterol.
2019, 54, 763–773. [CrossRef] [PubMed]

44. Hu, C.; Zhao, L.; Li, L. Current understanding of adipose-derived mesenchymal stem cell-based therapies in liver diseases. Stem
Cell Res. Ther. 2019, 10, 199. [CrossRef] [PubMed]

45. Temnov, A.; Rogov, K.; Zhalimov, V.; Igor, P.; Pekov, S.; Bader, A.; Sklifas, A.; Giri, S. The effect of a mesenchymal stem cell
conditioned medium fraction on morphological characteristics of hepatocytes in acetaminophen-induced acute liver failure: A
preliminary study. Hepatic Med. Évid. Res. 2019, 11, 89–96. [CrossRef]

46. Driscoll, J.; Yan, I.K.; Patel, T. Development of a Lyophilized off-the-Shelf Mesenchymal Stem Cell-Derived Acellular Therapeutic.
Pharmaceutics 2022, 14, 849. [CrossRef]

47. Van Poll, D.; Parekkadan, B.; Cho, C.H.; Berthiaume, F.; Nahmias, Y.; Tilles, A.W.; Yarmush, M.L. Mesenchymal stem cell-
derived molecules directly modulate hepatocellular death and regeneration in vitro and in vivo. Hepatology 2008, 47, 1634–1643.
[CrossRef]

https://doi.org/10.1002/hep.24434
https://doi.org/10.1055/s-0040-1717096
https://doi.org/10.1002/hep.29189
https://doi.org/10.1111/j.1440-1746.2011.07024.x
https://doi.org/10.1111/liv.12228
https://doi.org/10.1186/s13287-022-02882-4
https://www.ncbi.nlm.nih.gov/pubmed/35578365
https://doi.org/10.1007/s12072-021-10199-2
https://www.ncbi.nlm.nih.gov/pubmed/34843069
https://doi.org/10.1111/jcmm.13492
https://doi.org/10.2174/187221309787158371
https://doi.org/10.14218/JCTH.2021.00014
https://doi.org/10.1002/stem.698
https://doi.org/10.1159/000447458
https://www.ncbi.nlm.nih.gov/pubmed/27721701
https://doi.org/10.3390/ijms23052669
https://www.ncbi.nlm.nih.gov/pubmed/35269830
https://doi.org/10.3350/cmh.2020.0194
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.1111/adb.12572
https://www.ncbi.nlm.nih.gov/pubmed/29044813
https://doi.org/10.1371/journal.pone.0178011
https://www.ncbi.nlm.nih.gov/pubmed/28542352
https://doi.org/10.1007/s00535-019-01599-1
https://www.ncbi.nlm.nih.gov/pubmed/31270691
https://doi.org/10.1186/s13287-019-1310-1
https://www.ncbi.nlm.nih.gov/pubmed/31287024
https://doi.org/10.2147/HMER.S196354
https://doi.org/10.3390/pharmaceutics14040849
https://doi.org/10.1002/hep.22236


Int. J. Mol. Sci. 2024, 25, 2073 26 of 28

48. Vizoso, F.J.; Eiro, N.; Cid, S.; Schneider, J.; Perez-Fernandez, R. Mesenchymal Stem Cell Secretome: Toward Cell-Free Therapeutic
Strategies in Regenerative Medicine. Int. J. Mol. Sci. 2017, 18, 1852. [CrossRef]

49. Li, F.; Miao, L.; Sun, H.; Zhang, Y.; Bao, X.; Zhang, D. Establishment of a new acute-on-chronic liver failure model. Acta Pharm.
Sin. B 2017, 7, 326–333. [CrossRef]

50. He, Y.; Guo, X.; Lan, T.; Xia, J.; Wang, J.; Li, B.; Peng, C.; Chen, Y.; Hu, X.; Meng, Z. Human umbilical cord-derived mesenchymal
stem cells improve the function of liver in rats with acute-on-chronic liver failure via downregulating Notch and Stat1/Stat3
signaling. Stem Cell Res. Ther. 2021, 12, 396. [CrossRef]

51. Li, J.; Zhang, Q.; Gao, L.; Du, Y.; Chen, Y. Efficacy of decoction from Jieduan Niwan formula on rat model of acute-on-chronic
liver failure induced by porcine serum. J. Tradit. Chin. Med. 2020, 40, 602–612. [CrossRef]

52. Wang, S.Y.; Li, M.; Miao, L.Y.; Wu, S.; Tong, Y.F.; Zhang, W.X.; Zhang, Y.Y.; Sun, H. Protective effects of a novel water-soluble
biphenyl compound WLP-S-14 against acute-on-chronic liver failure in rats. J. Asian Nat. Prod. Res. 2019, 21, 928–938. [CrossRef]
[PubMed]

53. Li, F.F.; Liu, N.; Liu, W.; Li, M.; Zhang, F.; Dong, Z.; Zhang, J.L.; Sun, H. Role of dihydroceramides in the progression of
acute-on-chronic liver failure in rats. Chin. Med. J. 2020, 133, 198–204. [CrossRef]

54. Hassan, H.M.; Cai, Q.; Liang, X.; Xin, J.; Ren, K.; Jiang, J.; Shi, D.; Lu, Y.; Li, T.; Shang, Y.; et al. Transcriptomics reveals
immune-metabolism disorder in acute-on-chronic liver failure in rats. Life Sci. Alliance 2022, 5, e202101189. [CrossRef] [PubMed]

55. Lee, S.C.; Kim, J.O.; Kim, S.J. Secretome from human adipose-derived stem cells protects mouse liver from hepatic ischemia–
reperfusion injury. Surgery 2015, 157, 934–943. [CrossRef]

56. Zhang, Z.H.; Zhu, W.; Ren, H.Z.; Zhao, X.; Wang, S.; Ma, H.C.; Shi, X.L. Mesenchymal stem cells increase expression of heme
oxygenase-1 leading to anti-inflammatory activity in treatment of acute liver failure. Stem Cell Res. Ther. 2017, 8, 70. [CrossRef]

57. Assy, N.; Gong, Y.; Zhang, M.; Pettigrew, N.M.; Pashniak, D.; Minuk, G.Y. Use of proliferating cell nuclear antigen as a marker of
liver regeneration after partial hepatectomy in rats. J. Lab. Clin. Med. 1998, 131, 251–256. [CrossRef]

58. Ezquer, F.; Bahamonde, J.; Huang, Y.L.; Ezquer, M. Administration of multipotent mesenchymal stromal cells restores liver
regeneration and improves liver function in obese mice with hepatic steatosis after partial hepatectomy. Stem Cell Res. Ther. 2017,
8, 20. [CrossRef]

59. Xiang, X.; Feng, D.; Hwang, S.; Ren, T.; Wang, X.; Trojnar, E.; Matyas, C.; Mo, R.; Shang, D.; He, Y.; et al. Interleukin-22 ameliorates
acute-on-chronic liver failure by reprogramming impaired regeneration pathways in mice. J. Hepatol. 2020, 72, 736–745. [CrossRef]

60. Jaeschke, H.; Hasegawa, T. Role of neutrophils in acute inflammatory liver injury. Liver Int. 2006, 26, 912–919. [CrossRef]
61. Saha, R.; Pradhan, S.S.; Shalimar; Das, P.; Mishra, P.; Singh, R.; Sivaramakrishnan, V.; Acharya, P. Inflammatory signature in

acute-on-chronic liver failure includes increased expression of granulocyte genes ELANE, MPO and CD177. Sci. Rep. 2021, 11,
18849. [CrossRef]

62. Metzler, K.D.; Fuchs, T.A.; Nauseef, W.M.; Reumaux, D.; Roesler, J.; Schulze, I.; Wahn, V.; Papayannopoulos, V.; Zychlinsky,
A. Myeloperoxidase is required for neutrophil extracellular trap formation: Implications for innate immunity. Blood 2011, 117,
953–959. [CrossRef]

63. Farfán, N.; Carril, J.; Redel, M.; Zamorano, M.; Araya, M.; Monzón, E.; Alvarado, R.; Contreras, N.; Tapia-Bustos, A.; Quintanilla,
M.E.; et al. Intranasal Administration of Mesenchymal Stem Cell Secretome Reduces Hippocampal Oxidative Stress, Neuroin-
flammation and Cell Death, Improving the Behavioral Outcome Following Perinatal Asphyxia. Int. J. Mol. Sci. 2020, 21, 7800.
[CrossRef]

64. Gao, J.; Yu, Z.; Jing, S.; Jiang, W.; Liu, C.; Yu, C.; Sun, J.; Wang, C.; Chen, J.; Li, H. Protective effect of Anwulignan against
D-galactose-induced hepatic injury through activating p38 MAPK–Nrf2–HO-1 pathway in mice. Clin. Interv. Aging 2018, 13,
1859–1869. [CrossRef]

65. Linillos-Pradillo, B.; Rancan, L.; Paredes, S.D.; Schlumpf, M.; Lichtensteiger, W.; Vara, E.; Tresguerres, J.Á. Low Dose of BPA
Induces Liver Injury through Oxidative Stress, Inflammation and Apoptosis in Long-Evans Lactating Rats and Its Perinatal Effect
on Female PND6 Offspring. Int. J. Mol. Sci. 2023, 24, 4585. [CrossRef]

66. Ishizakai, M.; Yoshida, K.; Nishimoto, N.; Saleh, A.M.W.H.; Ishii, C.; Handa, H.; Ogawara, H.; Nagamine, T.; Murakami, M.;
Murakami, H. Urinary 8-hydroxy-2’-deoxyguanosin (8-OHdG) in patients with chronic liver diseases. Rinsho Byori. 2004, 52,
732–736.

67. Liu, C.; Hu, J.; Mao, Z.; Kang, H.; Liu, H.; Fu, W.; Lv, Y.; Zhou, F. Acute kidney injury and inflammatory response of sepsis
following cecal ligation and puncture in D-galactose-induced aging rats. Clin. Interv. Aging 2017, 12, 593–602. [CrossRef]

68. Zhou, F.; Peng, Z.Y.; Bishop, J.V.; Cove, M.E.; Singbartl, K.; Kellum, J.A.M. Effects of fluid resuscitation with 0.9% saline versus a
balanced electrolyte solution on acute kidney injury in a rat model of sepsis. Crit. Care Med. 2014, 42, e270–e278. [CrossRef]

69. Li, X.; Wang, L.K.; Wang, L.W.; Han, X.Q.; Yang, F.; Gong, Z.J. Blockade of high-mobility group box-1 ameliorates acute on chronic
liver failure in rats. Inflamm. Res. 2013, 62, 703–709. [CrossRef]

70. Thomas, J.M.; Ling, Y.H.; Huuskes, B.; Jelinic, M.; Sharma, P.; Saini, N.; Ferens, D.M.; Diep, H.; Krishnan, S.M.; Kemp-Harper,
B.K.; et al. IL-18 (Interleukin-18) Produced by Renal Tubular Epithelial Cells Promotes Renal Inflammation and Injury During
Deoxycorticosterone/Salt-Induced Hypertension in Mice. Hypertension 2021, 78, 1296–1309. [CrossRef]

71. Romejko, K.; Markowska, M.; Niemczyk, S. The Review of Current Knowledge on Neutrophil Gelatinase-Associated Lipocalin
(NGAL). Int. J. Mol. Sci. 2023, 24, 10470. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms18091852
https://doi.org/10.1016/j.apsb.2016.09.003
https://doi.org/10.1186/s13287-021-02468-6
https://doi.org/10.19852/j.cnki.jtcm.2020.04.009
https://doi.org/10.1080/10286020.2019.1585822
https://www.ncbi.nlm.nih.gov/pubmed/31111726
https://doi.org/10.1097/CM9.0000000000000601
https://doi.org/10.26508/lsa.202101189
https://www.ncbi.nlm.nih.gov/pubmed/34853163
https://doi.org/10.1016/j.surg.2014.12.016
https://doi.org/10.1186/s13287-017-0524-3
https://doi.org/10.1016/S0022-2143(98)90097-X
https://doi.org/10.1186/s13287-016-0469-y
https://doi.org/10.1016/j.jhep.2019.11.013
https://doi.org/10.1111/j.1478-3231.2006.01327.x
https://doi.org/10.1038/s41598-021-98086-6
https://doi.org/10.1182/blood-2010-06-290171
https://doi.org/10.3390/ijms21207800
https://doi.org/10.2147/CIA.S173838
https://doi.org/10.3390/ijms24054585
https://doi.org/10.2147/CIA.S132277
https://doi.org/10.1097/CCM.0000000000000145
https://doi.org/10.1007/s00011-013-0624-1
https://doi.org/10.1161/HYPERTENSIONAHA.120.16437
https://doi.org/10.3390/ijms241310470
https://www.ncbi.nlm.nih.gov/pubmed/37445650


Int. J. Mol. Sci. 2024, 25, 2073 27 of 28

72. Soto, K.; Coelho, S.; Rodrigues, B.; Martins, H.; Frade, F.; Lopes, S.; Cunha, L.; Papoila, A.L.; Devarajan, P. Cystatin C as a marker
of acute kidney injury in the emergency department. Clin. J. Am. Soc. Nephrol. 2010, 5, 1745–1754. [CrossRef]

73. Yong, Z.; Pei, X.; Zhu, B.; Yuan, H.; Zhao, W. Predictive value of serum cystatin C for acute kidney injury in adults: A meta-analysis
of prospective cohort trials. Sci. Rep. 2017, 7, 41012. [CrossRef]

74. Ni, S.; Li, S.; Yang, N.; Tang, X.; Zhang, S.; Hu, D.; Lu, M. Deregulation of Regulatory T Cells in Acute-on-Chronic Liver Failure: A
Rat Model. Mediat. Inflamm. 2017, 2017, 1390458. [CrossRef]

75. Huang, Y.H.; Chen, Y.X.; Zhang, L.J.; Chen, Z.X.; Wang, X.Z. Hydrodynamics-based transfection of rat interleukin-10 gene
attenuates porcine serum-induced liver fibrosis in rats by inhibiting the activation of hepatic stellate cells. Int. J. Mol. Med. 2014,
34, 677–686. [CrossRef]

76. Liu, H.; Zhang, W.; Dong, S.; Song, L.; Zhao, S.; Wu, C.; Wang, X.; Liu, F.; Xie, J.; Wang, J.; et al. Protective effects of sea buckthorn
polysaccharide extracts against LPS/d-GalN-induced acute liver failure in mice via suppressing TLR4-NF-kappaB signaling. J.
Ethnopharmacol. 2015, 176, 69–78. [CrossRef]

77. Chen, B.; Wang, Y.H.; Qian, J.Q.; Wu, D.B.; Chen, E.Q.; Tang, H. Human mesenchymal stem cells for hepatitis B virus-related
acute-on-chronic liver failure: A systematic review with meta-analysis. Eur. J. Gastroenterol. Hepatol. 2018, 30, 1224–1229.
[CrossRef]

78. Li, Y.H.; Xu, Y.; Wu, H.M.; Yang, J.; Yang, L.H.; Yue-Meng, W. Umbilical Cord-Derived Mesenchymal Stem Cell Transplantation in
Hepatitis B Virus Related Acute-on-Chronic Liver Failure Treated with Plasma Exchange and Entecavir: A 24-Month Prospective
Study. Stem Cell Rev. Rep. 2016, 12, 645–653. [CrossRef]

79. Xue, R.; Meng, Q.; Dong, J.; Li, J.; Yao, Q.; Zhu, Y.; Yu, H. Clinical performance of stem cell therapy in patients with acute-on-
chronic liver failure: A systematic review and meta-analysis. J. Transl. Med. 2018, 16, 126. [CrossRef]

80. Fonteneau, G.; Bony, C.; Goulabchand, R.; Maria, A.T.J.; Le Quellec, A.; Rivière, S.; Jorgensen, C.; Guilpain, P.; Noël, D. Serum-
Mediated Oxidative Stress from Systemic Sclerosis Patients Affects Mesenchymal Stem Cell Function. Front. Immunol. 2017, 8,
988. [CrossRef]

81. Sui, B.D.; Hu, C.H.; Zheng, C.X.; Jin, Y. Microenvironmental Views on Mesenchymal Stem Cell Differentiation in Aging. J. Dent.
Res. 2016, 95, 1333–1340. [CrossRef]

82. Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [CrossRef]

83. Sgodda, M.; Aurich, H.; Kleist, S.; Aurich, I.; König, S.; Dollinger, M.M.; Fleig, W.E.; Christ, B. Hepatocyte differentiation of
mesenchymal stem cells from rat peritoneal adipose tissue in vitro and in vivo. Exp. Cell Res. 2007, 313, 2875–2886. [CrossRef]

84. Pacifico, L.; Ferraro, F.; Bonci, E.; Anania, C.; Romaggioli, S.; Chiesa, C. Upper limit of normal for alanine aminotransferase: Quo
vadis? Clin. Chim. Acta 2013, 422, 29–39. [CrossRef] [PubMed]

85. Kikkawa, R.; Fujikawa, M.; Yamamoto, T.; Hamada, Y.; Yamada, H.; Horii, I. In vivo hepatotoxicity study of rats in comparison
with in vitro hepatotoxicity screening system. J. Toxicol. Sci. 2006, 31, 23–34. [CrossRef] [PubMed]

86. Pratt, D.S.; Kaplan, M.M. Evaluation of abnormal liver-enzyme results in asymptomatic patients. N. Engl. J. Med. 2000, 342,
1266–1271. [CrossRef] [PubMed]

87. Guo, G.; Zhuang, X.; Xu, Q.; Wu, Z.; Zhou, Y.; Li, Y.; Lu, Y.; Zhang, B.; Talbot, P.; Liao, J.; et al. Peripheral infusion of human
umbilical cord mesenchymal stem cells rescues acute liver failure lethality in monkeys. Stem Cell Res. Ther. 2019, 10, 84. [CrossRef]
[PubMed]

88. Pers, Y.M.; Maumus, M.; Bony, C.; Jorgensen, C.; Noël, D. Contribution of microRNAs to the immunosuppressive function of
mesenchymal stem cells. Biochimie 2018, 155, 109–118. [CrossRef] [PubMed]

89. Sonnenberg, G.F.; Fouser, L.A.; Artis, D. Border patrol: Regulation of immunity, inflammation and tissue homeostasis at barrier
surfaces by IL-22. Nat. Immunol. 2011, 12, 383–390. [CrossRef]

90. Khawar, M.B.; Azam, F.; Sheikh, N.; Abdul, M.K. How Does Interleukin-22 Mediate Liver Regeneration and Prevent Injury and
Fibrosis? J. Immunol. Res. 2016, 2016, 2148129. [CrossRef]

91. Schwarzkopf, K.M.; Eberle, L.; Uschner, F.E.; Klein, S.; Schierwagen, R.; Mücke, M.M.; Schaefer, L.; Clària, J.; Zeuzem, S.;
Hintermann, E.; et al. Interleukin-22 in acute-on-chronic liver failure: A matter of ineffective levels, receptor dysregulation or
defective signalling? J. Hepatol. 2020, 73, 980–982. [CrossRef]

92. Zenewicz, L.A.; Yancopoulos, G.D.; Valenzuela, D.M.; Murphy, A.J.; Karow, M.; Flavell, R.A. Interleukin-22 but not interleukin-17
provides protection to hepatocytes during acute liver inflammation. Immunity 2007, 27, 647–659. [CrossRef]

93. Radaeva, S.; Sun, R.; Pan, H.N.; Hong, F.; Gao, B. Interleukin 22 (IL-22) plays a protective role in T cell-mediated murine hepatitis:
IL-22 is a survival factor for hepatocytes via STAT3 activation. Hepatology 2004, 39, 1332–1342. [CrossRef] [PubMed]

94. An, S.Y.; Jang, Y.J.; Lim, H.J.; Han, J.; Lee, J.; Lee, G.; Park, J.Y.; Park, S.Y.; Kim, J.H.; Do, B.R.; et al. Milk Fat Globule-EGF Factor 8,
Secreted by Mesenchymal Stem Cells, Protects Against Liver Fibrosis in Mice. Gastroenterology 2017, 152, 1174–1186. [CrossRef]

95. Damania, A.; Jaiman, D.; Teotia, A.K.; Kumar, A. Mesenchymal stromal cell-derived exosome-rich fractionated secretome confers
a hepatoprotective effect in liver injury. Stem Cell Res. Ther. 2018, 9, 31. [CrossRef] [PubMed]

96. Morse, D.; Lin, L.; Choi, A.M.; Ryter, S.W. Heme oxygenase-1, a critical arbitrator of cell death pathways in lung injury and
disease. Free. Radic. Biol. Med. 2009, 47, 1–12. [CrossRef] [PubMed]

97. Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.
Molecules 2020, 25, 5474. [CrossRef] [PubMed]

https://doi.org/10.2215/cjn.00690110
https://doi.org/10.1038/srep41012
https://doi.org/10.1155/2017/1390458
https://doi.org/10.3892/ijmm.2014.1831
https://doi.org/10.1016/j.jep.2015.10.029
https://doi.org/10.1097/MEG.0000000000001156
https://doi.org/10.1007/s12015-016-9683-3
https://doi.org/10.1186/s12967-018-1464-0
https://doi.org/10.3389/fimmu.2017.00988
https://doi.org/10.1177/0022034516653589
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1016/j.yexcr.2007.05.020
https://doi.org/10.1016/j.cca.2013.03.030
https://www.ncbi.nlm.nih.gov/pubmed/23566931
https://doi.org/10.2131/jts.31.23
https://www.ncbi.nlm.nih.gov/pubmed/16538041
https://doi.org/10.1056/NEJM200004273421707
https://www.ncbi.nlm.nih.gov/pubmed/10781624
https://doi.org/10.1186/s13287-019-1184-2
https://www.ncbi.nlm.nih.gov/pubmed/30867056
https://doi.org/10.1016/j.biochi.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30477691
https://doi.org/10.1038/ni.2025
https://doi.org/10.1155/2016/2148129
https://doi.org/10.1016/j.jhep.2020.05.012
https://doi.org/10.1016/j.immuni.2007.07.023
https://doi.org/10.1002/hep.20184
https://www.ncbi.nlm.nih.gov/pubmed/15122762
https://doi.org/10.1053/j.gastro.2016.12.003
https://doi.org/10.1186/s13287-017-0752-6
https://www.ncbi.nlm.nih.gov/pubmed/29409540
https://doi.org/10.1016/j.freeradbiomed.2009.04.007
https://www.ncbi.nlm.nih.gov/pubmed/19362144
https://doi.org/10.3390/molecules25225474
https://www.ncbi.nlm.nih.gov/pubmed/33238435


Int. J. Mol. Sci. 2024, 25, 2073 28 of 28

98. Beyer, T.A.; Xu, W.; Teupser, D.; Keller, U.A.D.; Bugnon, P.; Hildt, E.; Thiery, J.; Kan, Y.W.; Werner, S. Impaired liver regeneration
in Nrf2 knockout mice: Role of ROS-mediated insulin/IGF-1 resistance. EMBO J. 2008, 27, 212–223. [CrossRef] [PubMed]

99. Fuertes-Agudo, M.; Luque-Tévar, M.; Cucarella, C.; Martín-Sanz, P.; Casado, M. Advances in Understanding the Role of NRF2
in Liver Pathophysiology and Its Relationship with Hepatic-Specific Cyclooxygenase-2 Expression. Antioxidants 2023, 12, 1491.
[CrossRef]

100. Sala, E.; Genua, M.; Petti, L.; Anselmo, A.; Arena, V.; Cibella, J.; Zanotti, L.; D’alessio, S.; Scaldaferri, F.; Luca, G.; et al.
Mesenchymal Stem Cells Reduce Colitis in Mice via Release of TSG6, Independently of Their Localization to the Intestine.
Gastroenterology 2015, 149, 163–176. [CrossRef]

101. Taylor, N.J.; Nishtala, A.; Vijay, G.K.M.; Abeles, R.D.; Auzinger, G.; Bernal, W.; Ma, Y.; Wendon, J.A.; Shawcross, D.L. Circulating
neutrophil dysfunction in acute liver failure. Hepatology 2013, 57, 1142–1152. [CrossRef]

102. Ramaiah, S.K.; Jaeschke, H. Role of neutrophils in the pathogenesis of acute inflammatory liver injury. Toxicol. Pathol. 2007, 35,
757–766. [CrossRef]

103. Kirino, Y.; Takeno, M.; Murakami, S.; Kobayashi, M.; Kobayashi, H.; Miura, K.; Ideguchi, H.; Ohno, S.; Ueda, A.; Ishigatsubo, Y.
Tumor necrosis factor alpha acceleration of inflammatory responses by down-regulating heme oxygenase 1 in human peripheral
monocytes. Arthritis Rheum. 2007, 56, 464–475. [CrossRef]

104. Wan, Y.M.; Li, Z.Q.; Liu, C.; He, Y.F.; Wang, M.J.; Wu, X.N.; Zhang, Y.; Li, Y.H. Mesenchymal stem cells reduce alcoholic hepatitis
in mice via suppression of hepatic neutrophil and macrophage infiltration, and of oxidative stress. PLoS ONE 2020, 15, e0228889.
[CrossRef] [PubMed]

105. Shah, N.; Mohamed, F.E.; Jover-Cobos, M.; Macnaughtan, J.; Davies, N.; Moreau, R.; Paradis, V.; Moore, K.; Mookerjee, R.; Jalan,
R. Increased renal expression and urinary excretion of TLR4 in acute kidney injury associated with cirrhosis. Liver Int. 2013, 33,
398–409. [CrossRef] [PubMed]

106. Brune, J.C.; Tormin, A.; Johansson, M.C.; Rissler, P.; Brosjö, O.; Löfvenberg, R.; von Steyern, F.V.; Mertens, F.; Rydholm, A.;
Scheding, S. Mesenchymal stromal cells from primary osteosarcoma are non-malignant and strikingly similar to their bone
marrow counterparts. Int. J. Cancer 2011, 129, 319–330. [CrossRef]

107. Rubio, D.; Garcia, S.; Paz, M.F.; De la Cueva, T.; Lopez-Fernandez, L.A.; Lloyd, A.C.; Garcia-Castro, J.; Bernad, A. Molecular
characterization of spontaneous mesenchymal stem cell transformation. PLoS ONE 2008, 3, e1398. [CrossRef]

108. Zhu, W.; Shi, X.L.; Xiao, J.Q.; Gu, G.X.; Ding, Y.T.; Ma, Z.L. Effects of xenogeneic adipose-derived stem cell transplantation on
acute-on-chronic liver failure. Hepatobiliary Pancreat. Dis. Int. 2013, 12, 60–67. [CrossRef]

109. Rodríguez-Fuentes, D.E.; Fernández-Garza, L.E.; Samia-Meza, J.A.; Barrera-Barrera, S.A.; Caplan, A.I.; Barrera-Saldaña, H.A.
Mesenchymal Stem Cells Current Clinical Applications: A Systematic Review. Arch. Med. Res. 2021, 52, 93–101. [CrossRef]

110. Mocchi, M.; Bari, E.; Marrubini, G.; Bonda, A.F.; Perteghella, S.; Tartara, F.; Cofano, F.; di Perna, G.; Giovannelli, L.; Man-
dracchia, D.; et al. Freeze-Dried Mesenchymal Stem Cell-Secretome Pharmaceuticalization: Optimization of Formulation and
Manufacturing Process Robustness. Pharmaceutics 2021, 13, 1129. [CrossRef] [PubMed]

111. Quintanilla, M.E.; Ezquer, F.; Morales, P.; Santapau, D.; Berríos-Cárcamo, P.; Ezquer, M.; Herrera-Marschitz, M.; Israel, Y.
Intranasal mesenchymal stem cell secretome administration markedly inhibits alcohol and nicotine self-administration and blocks
relapse-intake: Mechanism and translational options. Stem Cell Res. Ther. 2019, 10, 205. [CrossRef]

112. Zimmermann, J.A.; Mcdevitt, T.C. Pre-conditioning mesenchymal stromal cell spheroids for immunomodulatory paracrine factor
secretion. Cytotherapy 2014, 16, 331–345. [CrossRef]

113. Jin, G.; Qiu, G.; Wu, D.; Hu, Y.; Qiao, P.; Fan, C.; Gao, F. Allogeneic bone marrow-derived mesenchymal stem cells attenuate
hepatic ischemia-reperfusion injury by suppressing oxidative stress and inhibiting apoptosis in rats. Int. J. Mol. Med. 2013, 31,
1395–1401. [CrossRef]

114. Toledo-Pereyra, L.H.; Rodriguez, F.J.; Cejalvo, D. Neutrophil infiltration as an important factor in liver ischemia and reperfusion
injury. Modulating effects of FK506 and cyclosporine. Transplantation 1993, 55, 1265–1271. [CrossRef] [PubMed]

115. Camargo, C.A., Jr.; Madden, J.F.; Gao, W.; Selvan, R.S.; Clavien, P.A. Interleukin-6 protects liver against warm is-
chemia/reperfusion injury and promotes hepatocyte proliferation in the rodent. Hepatology 1997, 26, 1513–1520. [CrossRef]
[PubMed]

116. Tsuchida, T.; Lee, Y.A.; Fujiwara, N.; Ybanez, M.; Allen, B.; Martins, S.; Fiel, M.I.; Goossens, N.; Chou, H.I.; Hoshida, Y.; et al. A
simple diet- and chemical-induced murine NASH model with rapid progression of steatohepatitis, fibrosis and liver cancer. J.
Hepatol. 2018, 69, 385–395. [CrossRef]

117. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef]

118. Ezquer, F.; Giraud-Billoud, M.; Carpio, D.; Cabezas, F.; Conget, P.; Ezquer, M. Proregenerative Microenvironment Triggered by
Donor Mesenchymal Stem Cells Preserves Renal Function and Structure in Mice with Severe Diabetes Mellitus. BioMed Res. Int.
2015, 2015, 164703. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/sj.emboj.7601950
https://www.ncbi.nlm.nih.gov/pubmed/18059474
https://doi.org/10.3390/antiox12081491
https://doi.org/10.1053/j.gastro.2015.03.013
https://doi.org/10.1002/hep.26102
https://doi.org/10.1080/01926230701584163
https://doi.org/10.1002/art.22370
https://doi.org/10.1371/journal.pone.0228889
https://www.ncbi.nlm.nih.gov/pubmed/32045450
https://doi.org/10.1111/liv.12047
https://www.ncbi.nlm.nih.gov/pubmed/23402610
https://doi.org/10.1002/ijc.25697
https://doi.org/10.1371/journal.pone.0001398
https://doi.org/10.1016/S1499-3872(13)60007-7
https://doi.org/10.1016/j.arcmed.2020.08.006
https://doi.org/10.3390/pharmaceutics13081129
https://www.ncbi.nlm.nih.gov/pubmed/34452088
https://doi.org/10.1186/s13287-019-1304-z
https://doi.org/10.1016/j.jcyt.2013.09.004
https://doi.org/10.3892/ijmm.2013.1340
https://doi.org/10.1097/00007890-199306000-00011
https://www.ncbi.nlm.nih.gov/pubmed/7685932
https://doi.org/10.1002/hep.510260619
https://www.ncbi.nlm.nih.gov/pubmed/9397992
https://doi.org/10.1016/j.jhep.2018.03.011
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1155/2015/164703

	Introduction 
	Results 
	MSC-Secretome Administration Increases Survival Rate and Attenuates ACLF Hepatic Injury 
	MSC-Secretome Administration Reduces the Apoptotic Rate and Induces Hepatocyte Proliferation after ACLF Induction 
	MSC-Secretome Administration Increases Anti-Inflammatory Cytokine Expression 
	MSC-Secretome Administration Decreases Hepatic Neutrophil and Macrophage Infiltration 
	MSC-Secretome Administration Increases Hepatic Nrf2 and Heme Oxygenase Levels While Decreasing DNA Oxidative Damage 
	MSC-Secretome Administration Mitigates Acute Kidney Injury Associated with ACLF 
	MSC-Secretome Administration Reduces the Apoptotic Rate of Renal Cells after ACLF Induction 
	MSC-Secretome Administration Reduces Renal Macrophage and Lymphocyte Infiltration 

	Discussion 
	Materials and Methods 
	Isolation, Expansion, and Characterization of MSCs Derived from Human Adipose Tissue 
	MSC Preconditioning and Secretome Generation 
	Experimental Animals 
	Establishment of the ACLF Model 
	Survival Rate and Biochemical Indices 
	Hepatic and Renal Histology and Immunofluorescence Analysis 
	RNA Isolation and Gene Expression Analysis 
	DNA Oxidative Damage Measurement 
	Quantification of Systemic and Hepatic Cytokine Levels 
	Quantification of Biological Markers by Western Blotting 
	Isolation and Flow Cytometric Analysis of Leukocytes 
	Statistical Analyses 

	References

