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Simple Summary: In veterinary clinics, drug-induced liver injury caused by toxicity or
immune reactions is increasingly being observed. Severe drug-induced liver damage can
lead to acute liver failure and death. In this study, we used transplanted mesenchymal
stem cells overexpressing exogenous genes to alleviate drug-induced liver injury in mice
and dogs. The results showed that the transplantation of mesenchymal stem cells overex-
pressing exogenous genes significantly reduced inflammation and apoptosis levels in the
liver, promoted the proliferation ability of liver cells, thus alleviating liver damage.

Abstract: The liver, as the largest metabolic and detoxification organ in mammals, metabo-
lizes approximately 80-90% of drugs. However, drug-induced liver injury (DILI) is common
and driven by factors such as individual variability, differences in liver metabolism, and
improper drug use. Mesenchymal stem cells (MSCs), with their self-renewal and multi-
potent differentiation capabilities, offer therapeutic potential, but face challenges such as
limited proliferation and increased apoptosis during in vitro expansion. Although MSCs
exhibit low immunogenicity, they are often cleared by the host immune system, which
limits their survival and engraftment. Glutathione peroxidase 3 (GPX3) is a key antioxidant
enzyme that reduces reactive oxygen species (ROS), protecting cells from oxidative damage.
CD47, also known as integrin-associated protein (IAP), helps cells evade immune clearance
by binding to signal regulatory protein alpha (SIRPx) on the immune cells. Here, we
used an acetaminophen (APAP)-induced DILI mouse model to evaluate the therapeutic
efficacy of intravenously infused MSCs overexpressing GPX3 and CD47. Compared to
unmodified MSCs, modified MSCs showed improved survival, reduced liver inflammation,
and alleviated oxidative damage, offering enhanced protection against APAP-induced
DILI.

Keywords: mesenchymal stem cells (MSCs); GPX3; CD47; drug-induced liver injury

1. Introduction

Drug-induced liver injury (DILI) is liver damage caused by drugs or other chemical
substances, and is one of the most common adverse drug reactions in clinical practice [1].
A wide range of drugs can induce DILI through complex mechanisms. In recent years,
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significant progress has been made in the diagnosis, including pathological mechanism, and
treatment of DILI through clinical practice and basic research [2]. Common drugs leading
to DILI include prescription medications, over-the-counter drugs, herbal medicines, and
dietary supplements. Among them, prescription drugs, such as acetaminophen, antibiotics
(e.g., amoxicillin-clavulanate), antiepileptic drugs (e.g., phenytoin), and non-steroidal anti-
inflammatory drugs, are the most frequent cause [3—6]. These drugs can cause liver damage
via various mechanisms [7]. For instance, N-acetyl-p-benzoquinone imine (NAPQI), the
primary toxic metabolite of acetaminophen produced during liver metabolism [8], causes
hepatocyte injury via oxidative stress, apoptosis, and necrosis [9-11].

Currently, treatments for DILI mainly include antioxidant and anti-inflammatory
drugs, immunosuppressants, supportive therapies, and early gastrointestinal decontamina-
tion. Antioxidant drugs, such as vitamin C and S-adenosylmethionine (SAMe), can alleviate
oxidative damage in the liver, reduce reactive oxygen species (ROS) levels, and reduce
inflammation [12]. SAMe promotes hepatocyte repair and regeneration and reduces liver
inflammation and fibrosis. Clinically, SAMe has been used to treat liver injuries induced by
various drugs, such as antidepressants and antineoplastic agents [13]. Anti-inflammatory
drugs and immunosuppressants play important roles in treatment [14]. Studies have shown
that corticosteroids (e.g., prednisone) are effective in treating drug-induced autoimmune
hepatitis, significantly reducing liver inflammation and necrosis [15,16], although concerns
remain regarding the long-term safety of corticosteroids in treating DILI [17,18]. Supportive
therapy is a critical component of DILI treatment, which involves intravenous infusion of
electrolytes and glucose to maintain fluid and electrolyte balance. However, these therapies
cannot reverse severe liver damage or promote hepatocyte regeneration, thus presenting
limitations for clinical applications.

In recent years, an increasing number of studies have demonstrated the significant
potential of stem cells, particularly mesenchymal stem cells (MSCs), for tissue repair and
regeneration [19-25]. MSCs are a typical type of adult stem cell with self-renewal and
directed differentiation capabilities [26,27] and are found in various tissues [28,29]. In the
treatment of liver injury, MSCs can effectively differentiate into cells with hepatocyte func-
tion under specific induction conditions [30-32], thereby replacing damaged hepatocytes
and restoring liver function [33,34]. Research has shown that, in liver injury models, MSCs
can successfully differentiate into cells expressing hepatocyte-specific markers (such as ALB
and AFP) under specific induced culture conditions [35]. These differentiated hepatocyte-
like cells not only perform metabolic functions but also secrete key liver proteins such as
albumin [36]. Furthermore, MSCs exert paracrine effects by secreting a variety of growth
factors, cytokines, and other bioactive molecules, thereby promoting tissue repair [37].
For instance, vascular endothelial growth factor (VEGF) secreted by MSCs promotes an-
giogenesis and improves the blood supply to damaged tissues, thereby facilitating tissue
repair [38].

However, mesenchymal stem cells (MSCs) undergo replicative senescence during
prolonged in vitro culture, resulting in a reduction in their proliferative capacity and dif-
ferentiation potential [39,40]. Research has shown that MSCs retain a high differentiation
capacity during early passages, but as the passage number increases, their potential to
differentiate into osteocytes, chondrocytes, and adipocytes gradually diminishes [41,42].
Additionally, after MSC transplantation into the host, they may be recognized and elimi-
nated by the host immune system. For instance, MSCs can be targeted by host natural killer
(NK) cells, which recognize the low expression of major histocompatibility complex (MHC)
class I molecules and other activation markers on MSCs, triggering a cytotoxic response
that results in the clearance of transplanted cells [43]. This phenomenon is particularly
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pronounced in the early stages of transplantation and adversely affects MSCs’ survival and
function.

Given the aforementioned limitations of MSCs in clinical applications, we simulta-
neously overexpressed GPX3 and CD47 genes in MSCs using lentiviral transduction to
enhance their therapeutic potential and evaluate their efficacy in a DILI model. Glutathione
peroxidase 3 (GPX3) is a key antioxidant enzyme that scavenges reactive oxygen species
(ROS), protecting cells from oxidative damage [44,45]. CD47, also known as integrin-
associated protein (IAP), is a widely expressed membrane protein that binds specifically to
signal regulatory protein alpha (SIRPo) on immune cells [46], thereby helping cells evade
phagocytosis [47]. Upregulation of these two genes in MSCs aims to resolve issues of host
immune rejection, while also enhancing the antioxidant capacity and ability of MSCs to
survive in vivo [48,49]. This strategy offers a novel approach for clinical treatment of DILI.

2. Materials and Methods
2.1. Preparation and Establishment of Cells

All the MSCs described below are canine adipose mesenchymal stem cells, which
were isolated, amplified, and characterized in the previous stage of our laboratory [50-53].

RNA was isolated from canine lung and kidney and reverse transcribed into cDNA.
The GPX3 and CD47 gene fragments were amplified by PCR, and the vector was linearized
by double enzyme digestion. Homologous recombination was used to link the vectors
and the target fragment. MSC/GPX3&(CD47 were obtained by lentivirus transfection and
continuous screening. The operation details can be found in the Supplemental Materials
File S1.

2.2. In Vitro Co-Culture Experiments

First, the MSC/GPX3 and MSC/GPX3&CD47 cells cultured to the logarithmic growth
phase were stained with PKH 26. The procedure was as follows: the cells were digested
with trypsin, the trypsin was discarded after centrifugation, and the cell suspension was
resuspended in «-MEM medium. PKH26 dye was diluted with dilution C in a certain
ratio, usually 1:250-1:500, according to the manufacturer’s instructions. The mixture was
homogeneous to avoid bubble formation and 5 to 10 times the volume of x-MEM was
added immediately after the end of the staining time to terminate the staining reaction.
Excess staining solution was removed by centrifugation, the cells were re-suspended in
a new culture dish for culture, and RWA 264.7 cells were added to the stained MSCs at a
ratio of 1:1 and cultured together [54]. The medium was changed daily, and the cell status
was observed under fluorescence.

2.3. Establishment of Canine and Mouse DILI Model

To further assess the promoting effect of MSC/GPX3&CD47 on DILI, a drug-induced
liver injury model was established by intraperitoneal injection of 200 mg/kg APAP in
mice [55] and dogs, as described in the Supplemental Materials File S1. Twenty-four hours
after modeling, cells were administered via tail vein injection at a dose of 1 x 10° cells per
mouse [56]. For dogs, cells were injected into the subcutaneous vein of the forearm at a dose
of 1 x 107 cells per dog [57-59]. On day 14 post-injection, experimental animals were euth-
anized, and tissue and blood samples were collected for subsequent analysis. The animals
were randomly assigned to groups using computer-generated random numbers. All animal
procedures were performed in accordance with the ARRIVE guidelines and all experimental
protocols were carried out according to the guidelines established by the Chinese National
Standard GB/T35892-2018 (guidelines for the ethical review of laboratory animal welfare),
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submitted, and previously approved by the Ethics Committee on the Use of Animals of the
Northwest A&F University (approval number: NWAFU.N020234580d0600601[200]).

2.4. Histology, Immunohistochemistry Staining Evaluation

Liver and blood samples were collected on the last day of treatment. Hematoxylin-
eosin (HE) staining was used to evaluate histological changes in the liver. Masson staining
was used to evaluate the collagen deposition in the wound bed. PAS staining was used to
assess glycogen deposition in the liver. Inmunohistochemical staining was performed to
detect the expression of TNF-«, BCL-2, PCNA, CYP2E1, and GPX3.

2.5. RNA Sequencing

On day 7, mouse livers were collected for total RNA extraction, and RNA sequencing
was performed using the HiSeq 2500 (Illumina) system. Genes with a p value < 0.05 and
fold change > 1.0, were considered significant differential genes.

2.6. Statistical Analysis

All experimental data were statistically analyzed, and the results were shown as mean
=+ standard deviation (SD). Statistical differences were determined by one-way ANOVA
and a student-t-test. In all cases, if p < 0.05, there is a significant difference.

3. Results

3.1. Establishment and Biological Characteristics of MSC/GPX3&CD47
3.1.1. Establishment of MSC /GPX3&CD47

In this study, we integrated exogenous genes into a lentiviral vector via homologous
recombination and transfected them into MSCs using lentiviral transduction, allowing
integration into the MSC genome. MSCs/GPX3 and CD47 were obtained after repeated
selection with puromycin and G418, respectively. The target genes were fragments obtained
by PCR, with GPX3 having a length of 681 bp and CD47 having a length of 912 bp (Figure 1a).
The vector was linearized (Figure 1b) and homologous recombination was used to link the
target fragments with the vector. Figure 1c shows a map of successfully ligated vectors.
Double-enzyme digestion was performed for validation, and the results confirmed that
the target fragments were successfully ligated into the vector (Figure 1d). Figure le shows
successful transfection of MSCs with the lentiviral vector carrying the target fragments.
RNA and protein were collected from the cells for analysis, and Figure 1f,g show that
both mRNA and protein expression levels were significantly increased. In conclusion, we
successfully constructed an MSC line overexpressing GPX3 and CD47.

3.1.2. RNA-Seq Differential Gene Expression Analysis

The volcano plot of differentially expressed genes showed that, compared to the gene
expression in MSCs, 3323 genes were upregulated and 3558 genes were downregulated in
MSC/GPX3&CD47 (Figure 2a,b). The heatmap of gene expression further illustrates the
trends in gene expression changes (Figure 2c). GO enrichment analysis revealed signifi-
cant upregulation of differentially expressed genes related to the mitotic spindle assembly
checkpoint, mitotic sister chromatid segregation, mitotic cell cycle, and DNA-dependent
DNA replication pathways in MSC/GPX3&CDA47 cells (Figure 2d). The enrichment of
these pathways suggests that GPX3 and CD47 overexpression promotes cell proliferation.
KEGG enrichment analysis (Figure 2e) showed that the differentially expressed genes were
enriched in the p53 signaling pathway, a critical tumor suppression pathway involved in
regulating cell cycle, DNA repair, senescence, and apoptosis. Enrichment of this pathway
indicates improved cell signaling, potentially involving increased resistance to oxidative
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stress and modifications in the cell cycle. The glutathione metabolism pathway was also en-
riched, indicating that the activation of glutathione metabolism helps cells repair damaged
proteins, lipids, and DNA. Glutathione also maintains the integrity of the protein struc-
ture and function by regulating the redox state of thiol groups, protecting cell membrane
stability. Enrichment of the Wnt signaling pathway suggests the regulation of processes
related to cell proliferation and differentiation, which may affect the developmental state
or differentiation pathways of cells. Cell cycle and DNA replication pathways were also
significantly upregulated, indicating a marked increase in cell proliferation capacity. Addi-
tionally, downregulation of the apoptosis pathway suggested that the overexpression of
GPX3 and CD47 reduced the level of apoptosis.
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Figure 1. Establishment of MSC/GPX3&CD47. (a) PCR amplification of GPX3 and CD47 gene
fragments; (b) result of vector linearization; (c) vector map; (d) double enzyme digestion identifi-
cation results; (e) lentiviral transduction of MSCs; (f) result of qRT-PCR; (g) result of Western blot.
(***p <0.001).

GO and KEGG analyses demonstrated that gene modification promotes the mitotic
spindle pathway, DNA replication, and cell cycle regulation. Simultaneously, the acti-
vation of the p53 signaling pathway, glutathione metabolism, and downregulation of
apoptosis-related genes indicated that the overexpression of GPX3 and CD47 enhanced
DNA replication, cell proliferation, and antioxidant capabilities of MSCs while inhibiting
apoptosis-related gene expression.
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Figure 2. Differential gene analysis between MSC and MSC/GPX3&CD47 groups. (a) Volcano plot;
(b) DEG counts; (c) heatmap of differential genes; (d) GO enrichment analysis; (e) KEGG enrichment
analysis.

3.1.3. In Vitro Biological Characteristics of MSC/GPX3&CD47

In this section, we simulated the immune phagocytosis process of MSCs in vivo by
co-culturing them with murine macrophages in vitro [60] to investigate the characteristics
of mesenchymal stem cells (MSCs) co-expressing GPX3 and CD47 in vitro. RAW 264.7,
a macrophage cell line derived from mice, was initially isolated from mouse leukemia
cells induced by the Abelson leukemia virus and is widely used in studies of immunology,
inflammation, and cancer [61]. RAW 264.7 cells possess typical macrophage characteristics,
including phagocytosis, cytokine production, and immune response. GPX3 is an antioxi-
dant enzyme that helps cells resist oxidative stress, whereas CD47 is known as a “do not
eat me” signal molecule that inhibits macrophage phagocytosis by interacting with signal
regulatory protein alpha (SIRP«) on macrophages. By co-expressing these two genes, we
aimed to improve the survival rate of MSCs in vivo, reduce the likelihood of them being
cleared by the host immune system, and thereby enhance their therapeutic efficacy.

First, we co-cultured MSCs with RAW264.7 macrophages to observe the phagocytosis
of MSCs by macrophages. We analyzed the survival rate of MSCs at different time points.
MSCs transduced with PCDH-CMYV empty vector were used as controls, hereafter referred
toas MSC/CMYV or CMV. All cells were stained with PKH 26 dye to turn the cell membranes
red before co-culture. The CMV group consisted of MSCs carrying an empty vector, while
the GPX3 group and the GPX3&CD47 group were MSCs overexpressing GPX3 and MSCs
overexpressing both GPX3 and CD47, respectively. All groups of MSCs were labeled
with GFP green fluorescence. As shown in the figure (Figure 3), after 24 h of co-culture
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with RAW cells, the survival rate of MSC/CMYV and MSC/GPX3 cells was approximately
25%, while the survival rate of MSC/GPX3 and CDA47 cells, which overexpress CD47,
was 36.1%. Within 24 h, most MSCs were cleared by RAW cells, but the survival rate of
CD47-overexpressing cells was slightly higher than that of the other cells.
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Figure 3. Co-culture of MSCs and RAW 264.7 cells in vitro (100 x magnification). (a) 24 h; (b) 48 h;
(c) 72 h; (d) 96 h; (e) cell survival rate. (ns p > 0.05, ** p < 0.01, *** p < 0.001).

At 96 h, cell observation and survival rate analysis showed that MSC/GPX3 and CD47
had a significantly higher survival rate than the other two groups. By 96 h, more than
90% of MSC/CMYV cells had been cleared and more than 85% of MSC/GPX3 cells had
died. These results suggest that the overexpression of CD47 enhanced the immune evasion
ability of MSCs to some extent, resulting in fewer cells being cleared by macrophages in
co-culture with RAW 264.7 macrophages.

3.2. MSC/GPX3&CD47 Promote Proliferation, Reduce Inflammatory Responses, and Prevent
Apoptosis to Rescue APAP-Induced Liver Injury

In this study, mouse and canine DILI models induced by APAP were constructed.
Canine adipose-derived mesenchymal stem cells co-expressing GPX3 and CD47 were
intravenously infused and tissue and blood samples were collected 14 days later. The
therapeutic effect of MSCs co-expressing GPX3 and CD47 on DILI was observed using
histopathology, biochemical indicators, immunohistochemistry staining, and transcriptome
sequencing.

First, we established a DILI model in dogs by administering 200 mg/kg APAP, which
resulted in a decrease in appetite and thirst, weakness, reduced activity, jaundice, ab-
dominal swelling, and palpable ascites. Dogs were randomly divided into four groups
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(n = 3): a healthy canine NC group without drug and cell injection, an APAP group with
acetaminophen injection, an APAP+CMYV group with acetaminophen injection followed
by MSC/CMV transplantation for control, and an ADSC co-expressing GPX3 and CD47
labeled APAP+GPX3&CD47 after acetaminophen injection. We then administered MSCs
intravenously to the treatment group 14 days after the model was established, and samples
were collected at 14 days. The results showed that the livers of the APAP-treated dogs were
swollen and larger in size, with a softer texture, and more prone to rupture compared to
the other groups (Figure 4a). The livers of the treatment groups showed different degrees
of alleviation. The Organ Weight Index is a biological and medical index used to evalu-
ate organ size relative to the body size. This index is particularly important in research,
especially when organ growth or shrinkage is related to certain health conditions. The
Organ Weight Index of the APAP group was significantly higher than that of the NC group,
indicating that the liver was swollen and larger, whereas the Organ Weight Index of the
GPX3&CD47 groups was significantly lower than that of the APAP group (Figure 4b). The
ratio of AST to ALT reflects the degree of liver damage, and the results showed that the
AST/ALT ratio significantly increased after APAP-induced liver injury, suggesting the
presence of inflammation, damage, or dysfunction in the liver. However, transplantation of
MSCs to different degrees significantly reduced the APAP-induced increase in AST/ALT
caused by APAP (Figure 4c).
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Figure 4. Therapeutic effects of MSC/GPX3&CD47 on canine DILI model. (a) Canine liver necropsy;
(b) Liver Organ Index; (c) liver function results; (d) liver HE staining (200 x magnification); (e) canine
survival curve. (ns p > 0.05, * p < 0.05, ** p < 0.01, ** p < 0.001).
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Histopathological examination can provide direct observation of the structural and
morphological changes in the liver tissue under a microscope. HE staining results showed
that in the APAP group, central lobular areas (near the central vein of the small leaf) in
the liver exhibited predominant hepatocyte necrosis. Necrotic hepatocytes appeared as
condensed or dissolved nuclei, and the necrotic areas were usually surrounded by the
infiltration of inflammatory cells, accompanied by red blood cell infiltration and vascular
rupture (Figure 4d). Co-expression of GPX3 and CD47 in MSCs effectively alleviated
hepatocyte necrosis and degeneration, with reduced inflammatory and red blood cell
infiltration, fewer vascular ruptures, and bleeding (Figure 4d).

Next, a DILI model was established in dogs (n = 5) by administering high-dose
APAP (400 mg/kg) and MSCs as a treatment. For the treatment group, 1 x 107 cells were
intravenously injected into each dog daily and the survival status of the dogs was recorded
(Figure 4e). Within 24 h of injection, the dogs in the APAP group showed symptoms of
vomiting and coma, and 2 dogs died on the first day. All dogs in the APAP group died
within 3 days, while 60% of the dogs in the CMV group survived, with one death on the
3rd and 5th days. The survival rate was 80% in the GPX3&CD47 groups, with one death
on the 4th day. The results showed that GPX3 and CD47 co-expressing MSCs effectively
reduced the number of dog deaths caused by high-dose intraperitoneal injection of APAP.

To further investigate the effects of MSC/GPX3 and CD47 transplantation on APAP-
induced DILI, we established a mouse model and collected liver tissue samples seven days
later. Liver tissues were embedded in paraffin and stained.

The HE staining results showed the morphology of the liver tissue sections (Figure 5
left). In the NC group, the liver tissue structure was clear, and the liver cells were arranged
in a regular pattern without obvious signs of necrosis or inflammatory cell infiltration. The
central vein and hepatic sinusoids were normally arranged. In contrast, hepatocytes in
the APAP group were significantly swollen with areas of necrosis, and inflammatory cell
infiltration was observed around the central vein. There was also a large number of red
blood cells in the hepatocytes, indicating that APAP-induced liver injury caused hepatocyte
swelling, necrosis, bleeding, and inflammation. Compared to the APAP model group, the
CMV group had fewer areas of liver necrosis and less inflammatory cell infiltration, and the
arrangement of liver cells improved slightly, showing a certain protective effect. Compared
to the APAP and CMV treatment groups, the MSC/GPX3&CD47 group showed a marked
improvement in liver tissue structure, with a further reduction in areas of liver necrosis and
inflammatory cell infiltration, and a more regular arrangement of hepatocytes, indicating
that this treatment group had a more significant effect in reducing liver injury.

Masson staining was used to study the changes in liver fibrosis during the liver injury
caused by APAP. It can be seen (Figure 5 middle) that there was almost no blue collagen
fiber staining in the liver tissue except blood vessels in the NC group, indicating that there
was no fibrosis in the normal liver tissue. In the liver injury caused by APAP, the staining
of blue collagen fibers was increased by Masson staining, indicating the occurrence of liver
fibrosis, which is one of the common pathological phenomena after liver injury. Compared
with the APAP group, the staining of collagen fibers in the liver sections of the MSC group
decreased.

This indicates that the degree of fibrosis was reduced, suggesting that MSC trans-
plantation has an inhibitory effect on liver fibrosis. MSCs co-expressing GPX3 and CD47
significantly reduced mouse liver collagen fiber production, and blue collagen fiber staining
was significantly reduced.
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Figure 5. Histological examination of the mouse liver tissue (400 x magnification), the arrow shows
the lesion area.

The main significance of PAS staining is to detect glycogen stores in hepatocytes and
evaluate hepatocyte function. Purplish red glycogen deposition is widely distributed and
uniform in normal liver tissues (Figure 5, right). In the APAP model group, glycogen
deposition decreased radially around the central vein, which may be related to damage
of hepatic lobule caused by APAP. However, in the MSC/CMYV and MSC/GPX3 & CD47
groups, glycogen deposition was generally reduced, which was different from the APAP
model group. This may be due to the fact that the transplantation of MSCs alters the
metabolic rate of liver cells and accelerates the breakdown of glycogen to cope with the
demand for cell repair. Although fibrosis and damage were reduced, glycogen synthesis
and reserves were not fully restored.

The expression of TNF-o in the mouse liver was detected using immunohistochemistry.
TNF-« (tumor necrosis factor-«) is a key pro-inflammatory cytokine that plays an important
role in liver inflammation and injury. In DILL an increase in TNF-« is usually closely related
to the inflammatory response, apoptosis, and hepatocyte necrosis. TNF-o staining was
very weak in the NC group, indicating that the expression of TNF-co in the normal control
group was extremely low. In the APAP group, TNF-« staining showed significant brown
DAB stained areas (Figure 6), showing that APAP induced a strong expression of TNF-« in
the liver, suggesting a significant inflammatory response and liver injury. DAB staining in
the CMV group was weakened, indicating that MSC/CMYV transplantation reduced the
inflammatory response in the liver. In the MSC/GPX3&CD47 group, the positive areas of
TNF-« staining were further weakened, indicating that MSCs overexpressing GPX3 and
CD47 had a stronger effect on inhibiting TNF-« expression and inflammatory response.
This may indicate that these genetic modifications enhanced the anti-inflammatory effect
of MSCs, which further alleviated liver injury by reducing TNF-« levels.
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Figure 6. The expression levels of TNF-«, BCL-2, PCNA, CYP2E1, and GPX3 in liver tissue of mice
were detected by immunohistochemistry (400 x magnification).

We then investigated the effects of MSC/GPX3&CD47 on mouse liver apoptosis.
BCL-2 (B-cell lymphoma-2) is an anti-apoptotic protein that protects cells from apoptosis,
mainly by inhibiting the permeability of the mitochondrial outer membrane, preventing
the release of cytochrome c, and preventing the initiation of the apoptotic cascade. Here,
we examined the expression of BCL-2 in liver tissue from different groups, and the results
showed (Figure 6) that the positive signal was weak in the NC group, indicating that BCL-2
expression was lower in normal liver tissue. There was a slight increase in the BCL-2
positive signal in the APAP group; however, it was still weak. Compared to the APAP
group, the BCL-2 staining signal was enhanced in the MSC treatment group, indicating
that MSC transplantation effectively increased the expression level of BCL-2. The positive
signal of BCL-2 was further enhanced in the MSC/GPX3&CD47 group, indicating that the
gene-modified MSCs further increased the expression of BCL-2, which can be attributed to
the overexpression of GPX3 and CD47, which not only enhanced the antioxidant capacity
but also activated the anti-apoptotic mechanism. Furthermore, the liver was protected from
APAP-induced damage caused by APAP.

To determine whether genetically modified MSCs could improve cell proliferation
to promote the repair of damaged liver tissue, we detected the expression of PCNA.
Proliferating cell nuclear antigen (PCNA) is an essential factor in DNA replication and
repair. Most positive areas in the NC group were distributed uniformly around the central
venous sinus (Figure 6), showing a relatively high level of expression. This situation was
completely different in the APAP group. There were hardly any positive areas, indicating
that the cell proliferation process was inhibited. Following the transplantation of MSCs, a
significant shift was observed, with the expression of PCNA being remarkably elevated
in the MSC/GPX3&CD47 group. These results indicate that co-expressing MSCs can
ameliorate liver injury by promoting cell proliferation.

CYP2E1 (Cytochrome P450 2E1) is an important liver metabolic enzyme that is mainly
responsible for the metabolism of APAP into the toxic metabolite N-acetyl-P-benzoquinone
imine (NAPQI). NAPQI is the main cause of APAP causing liver injury and is mainly
decomposed by glutathione (GSH) in the liver. The results showed (Figure 6) that in
the normal liver, the expression of CYP2E1 was low, and there was almost no positive
staining signal. CYP2E1 expression significantly increased after APAP injection. This
finding is consistent with the role of CYP2E1 in APAP metabolism. The dark brown
areas of CYP2E1 staining in the CMV group were slightly weaker than those in the APAP
group, indicating that MSC transplantation may have a regulatory effect on the expression
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of CYP2E1. However, the positive areas of CYP2E1 staining in the MSC/GPX3&CD47
group were further weakened, indicating that MSCs overexpressing GPX3 and CD47 had
a stronger inhibitory effect on CYP2E1 expression. This may be because the antioxidant
effect of GPX3 reduces oxidative stress caused by APAP metabolism, thereby reducing the
induced expression of CYP2E1, or CD47 reduces the inflammatory response in the liver
through immunomodulatory effects.

GPX3 (glutathione peroxidase 3) is an important antioxidant enzyme that catalyzes the
reduction of hydrogen peroxide and organic peroxides by glutathione, thereby protecting
cells from oxidative stress damage. The results showed that GPX3 expression was lower in
normal liver tissues without inflammation and oxidative stress (Figure 6). The expression
of GPX3 in the APAP group was higher than that in the NC group, indicating that the
expression level of GPX3 in the liver was increased to alleviate oxidative stress caused by
APAP in the APAP-induced DILI model. The strongest positive signal was observed in
the MSC/GPX3&CD47 group, indicating that the expression of GPX3 was significantly
increased after transplantation of MSCs co-expressing GPX3 and CD47. MSC/GPX3&CD47
expressed higher levels of GPX3 and showed greater resistance to oxidative stress. GPX3 is
a secreted protein that directly enhances antioxidant capacity of the liver.

In this study, we performed transcriptome sequencing analysis of liver tissues in
a mouse model of APAP-induced drug-induced liver injury (DILI) to comprehensively
explore changes in gene expression and their biological significance. By comparing the gene
expression profiles between the model group (APAP) and the treatment group (MSC/GPX3
&CDA47), several significantly differentially expressed genes were identified, which played
a role in several key biological pathways. A total of 1910 differentially expressed genes
were identified by transcriptome sequencing, of which 917 were significantly upregulated
and 993 were significantly downregulated (p < 0.05, log2FoldChange > 1) (Figure 7a). The
gene heatmap showed significant between-group differences in samples with good sample
reproducibility and low within-group differences (Figure 7b). GO analysis showed that
peptidase inhibitor activity and transition metal ion binding were enriched for binding),
peroxisome, oxidoreductase activity, and other terms. Among them, pathways related to
REDOX reactions were significantly enriched (Figure 7c), such as oxidoreductase activity
acting on paired donors. Oxidoreductase activity acting on paired donors is associated
with the addition or reduction of oxygen molecules, peroxisomes, and oxidation-reduction
processes. KEGG pathways were enriched in glycine, serine, and threonine metabolism, glu-
tathione metabolism, PPAR signaling pathway, metabolism of xenobiotics by cytochrome
P450, and drug metabolism-other enzymes (Figure 7d), which were mainly enriched in
REDOX, inflammatory response, and drug metabolism.

Combined with GO and KEGG data, these differentially expressed genes were mainly
enriched in glutathione (GSH) metabolism, oxidoreductase activity, inflammatory response,
and drug metabolism enzymes. These results not only confirmed the therapeutic effect of
MSC/GPX3 and CD47 on APAP-induced damaged hepatocytes observed in previous ex-
periments but also confirmed the effect of MSC/GPX3 &CD47 on APAP-induced damaged
hepatocytes. They also provide a comprehensive explanation of the underlying molecular
mechanisms. After transplantation of MSC/GPX3 and CD47, the expression of key genes
related to the regulation of the glutathione metabolic pathway and oxidoreductase activity
in hepatocytes was significantly upregulated, which enhanced the anti-oxidative stress
ability of hepatocytes and may help alleviate oxidative damage induced by APAP. In addi-
tion, the genes related to inflammatory response and drug metabolism enzyme activities
were significantly downregulated, which was consistent with previous results, indicating
that MSC/GPX3&CD47 transplantation alleviated liver inflammation and reduced the
activities of drug metabolism enzymes, thus reducing further liver damage caused by
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drug metabolism poisons. In conclusion, MSC/GPX3&CD47 transplantation significantly
enhanced the antioxidant capacity of hepatocytes and alleviated liver injury by regulating
key genes such as glutathione metabolism, oxidoreductase activity, inflammatory response,
and drug metabolism enzyme activity.
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Figure 7. GPX3 and CD47 co-expression in MSCs alters hepatic transcriptional profiles in a DILI
mouse model. (a) Differential gene volcano plot; (b) differential gene heatmap; (¢) GO enrichment
analysis; (d) KEGG enrichment analysis.

Finally, we previously demonstrated that overexpression of CD47 enhanced the ability
of MSCs to evade macrophages in vitro, and we wanted to explore whether overexpression
of CD47 could enhance the immune evasion ability of MSCs in vivo. In this study, MSCs
with GFP green fluorescent protein were injected intravenously into mice at a dose of
1 x 10° cells/mouse, and the livers were collected on day 14 for frozen section to observe
the survival of MSCs in the liver. It can be seen that MSCs carrying PCDH-CMV empty
vector as well as MSCs overexpressing the GPX3 gene survived less in the liver and most
of the cells were eliminated. The green fluorescence signal was significantly enhanced in
the GPX3&CD47 group, with more MSCs surviving, and these clusters of surviving MSCs
were distributed in clumps rather than widely. The extensive aggregation of cells in the
GPX3&(CD47 group indicated that CD47 overexpression significantly enhanced the in vivo
viability of these cells (Figure 8).
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Figure 8. Assessment of in vivo survival of MSCs (200 x magnification).

4. Discussion

Mesenchymal stem cells (MSCs) have demonstrated promising therapeutic effects
and potential applications in the treatment of various diseases, particularly in addressing
osteoarthritis [62], cardiovascular diseases [63,64], and diabetes, exhibiting robust capabili-
ties in promoting the regeneration of damaged tissues. However, previous research has
highlighted several challenges associated with the clinical use of MSCs, including cellular
heterogeneity and immune rejection. Heterogeneity in MSCs refers to the instability in
therapeutic outcomes due to variations in cell sources, donor health status, cell passages,
and in vitro culture conditions [42]. Notably, continuous in vitro passaging of cells leads to
a decline in proliferative capacity and other phenotypic changes, significantly impeding the
efficacy of MSCs in vivo. Furthermore, while MSCs are generally considered to have low
immunogenicity and typically do not elicit severe immune rejection, they are not entirely
unrecognized by the host immune system. Studies have shown that MSCs do not persist
after intravenous infusion, with the majority of systemically infused cells being cleared
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within 48 h [65,66] and can elicit immune memory, potentially resulting in the failure of
subsequent MSC transplantations [67,68].

In this study, we overexpressed the GPX3 and CD47 genes in MSCs. Transcriptome
analysis revealed that, compared to unmodified MSCs, overexpression of GPX3 and CD47
genes promoted the expression of genes related to the mitotic spindle, DNA replication,
and cell cycle pathways. Simultaneously, upregulation was observed in pathways such
as the p53 signaling pathway and glutathione metabolism, along with downregulation of
apoptosis-related genes. These findings suggest that genetic modification with GPX3 and
CD47 enhances DNA replication, cell proliferation, and antioxidant capabilities in MSCs,
while inhibiting the expression of apoptosis-related genes. Notably, the upregulation of
genes associated with the DNA replication pathway indicates that genetic modification
significantly boosts the proliferative capacity of MSCs, contributing to their viability and
adaptability during in vitro culture [69,70]. The significant downregulation of apoptosis
pathway genes in gene-modified MSCs demonstrates their enhanced anti-apoptotic proper-
ties, which are crucial for improving cell survival rates and maintaining functionality [71].
It is worth noting that although the transcriptome level showed that the proliferation and
antioxidant damage related genes were upregulated in GPX3 and CD47 overexpressing
MSCs, further evidence to support cell proliferation and antioxidant damage is still lacking
in our study. We will supplement the relevant evidence in the next study. In coculture
experiments with RAW 264.7 cells, MSCs co-expressing GPX3 and CD47 exhibited signif-
icantly higher survival rates compared to unmodified MSCs and MSCs overexpressing
only GPX3, indicating that overexpression of CD47 enhances the resistance of MSCs to
macrophage phagocytosis.

Then, we conducted cell transplantation therapy for acetaminophen (APAP)-induced
drug-induced liver injury (DILI) in mice and dogs. MSCs co-expressing GPX3 and CD47
effectively alleviated APAP-induced liver damage in dogs, significantly reducing mortality
rates in dogs subjected to high-dose APAP modeling. Subsequently, we established a DILI
model in mice, and histological results showed that MSC/GPX3&CD47 reduced inflamma-
tory cell infiltration and fibrosis in liver tissue. Immunofluorescence analysis indicated that
MSC/GPX3&CDA47 resisted APAP-induced liver injury by inhibiting inflammation, mod-
ulating the activity of liver drug-metabolizing enzymes, and reducing cellular apoptosis.
Furthermore, liver transcriptome analysis revealed that MSC/GPX3&CD47 upregulated
genes related to glutathione (GSH) metabolism and catalase while downregulating genes
associated with oxidative damage, inflammatory responses, and drug-metabolizing en-
zymes, thereby mitigating APAP-induced liver damage, which corroborated our previous
experimental results. Lastly, compared to the in vivo survival rates of MSCs without CD47
overexpression, MSCs co-expressing GPX3 and CD47 in this study exhibited higher survival
rates. This finding is consistent with the research by Chao et al., who observed a similar
CD47-mediated immune evasion mechanism in hematopoietic stem cells (HSCs) [72].

It is noteworthy that, although our study demonstrates that overexpressing these two
exogenous genes can enhance the proliferation, anti-apoptotic properties, and immune
evasion capabilities of MSCs, it cannot avoid recognition and clearance by other immune
cells in the host. For instance, cultured and expanded MSCs express low levels of MHC
class I and are negative for MHC class II, but when exposed to interferon-gamma (IFN-y)
or tumor necrosis factor-alpha (TNF-o), MSCs significantly upregulate their expression
of both MHC class I and class II, making them susceptible to recognition and clearance
by T-cell receptors [73,74]. This study found that MSCs colonizing the liver alleviate drug-
induced liver injury through multiple pathways, yet the fate of MSCs in vivo remains
unclear. Furthermore, research on the use of MSCs in veterinary medicine requires tracking



Vet. Sci. 2025, 12, 149 16 of 19

their long-term efficacy and side effects to better evaluate their therapeutic efficacy and
safety.

5. Conclusions

In summary, we established MSCs co-expressing GPX3 and CD47. Compared with
MSCs without GPX3 and CD47 gene modification, MSC/GPX3&CD47 exhibited enhanced
proliferation, anti-apoptotic properties relevant gene expression, and improved immune
evasion capabilities. In the treatment of drug-induced liver injury models in mice and
dogs, MSC/GPX3&CD47 significantly reduced liver inflammation and apoptosis levels,
enhanced liver antioxidant capacity, and improved the survival efficiency of MSCs in vivo,
thereby alleviating APAP-induced drug-induced liver injury. In short, we have established
a novel MSC cell strain through gene editing, which has broad research and application
prospects for the treatment of drug-induced liver injury in the field of veterinary medicine.
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