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Abstract

Objective: Umbilical Cord-derived Mesenchymal Stem Cells 
(UC-MSCs) and Small Extracellular Vesicles (SEVs) 
independently exert anti-inflammatory properties and have 
shown antifibrotic effects in animal models of liver fibrosis and 
cirrhosis. In this proof-of-concept study, we examined the 
effects of human UC-MSCs combined with SEVs on liver 
fibrosis in a rat model of fibrosis and cirrhosis. Additionally, we 
studied the efficacy of UC-MSC and SEVs in improving survival.

Methods: Two groups of 14 male Wistar rats received six 
doses of oral CCl4. Starting at week 4, one group received three 
weekly IV doses of UC-MSC+SEV at a dose of 1 million MSCs 
and 5 billion SEV each. Fourteen animals who received CCl4 
alone were used as control animals. All animals that survived 
until week seven were sacrificed.

Results: Liver fibrosis stage was significantly lower in the UC-
MSC+SEV group (p<0.001). No animals in the UC-MSC+SEV 
group had cirrhosis, in contrast to the 12 animals in the control 
group with cirrhosis (p<0.001). Corresponding favorable changes 
in liver morphology, biochemistry, and immunohistochemistry 
were observed in the UC-MSC+SEV group. The difference in 
survival at 6 weeks was significant between the two groups 
(100% vs. 57%, p<0.01).

Conclusion: In this first animal trial, human UC-MSCs in 
combination with SEV prevented liver fibrosis and cirrhosis 
development in CCl4 induced liver disease and significantly 
improved animal survival. Further studies are needed to 
validate our observations and to test the combination of UC-
MSC+SEV in other animal models and in humans with fibrotic 
liver diseases and liver failure.
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NOS2: Nitric Oxide Synthase-2; Nrf2: Nuclear factor erythroid 2-
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Control (CCl4 alone treated group); PDW: Platelet Distribution 
Width; pg: picogram; PKBa: Protein Kinase B alpha (PKB alpha/
Akt1); PSR: Picrosirius Red Staining; RIPA: 
Radioimmunoprecipitation Assay; RNS: Reactive Nitrogen 
Species; sEVs: small Extracellular Vesicles; SGOT: Serum 
Glutamic-Oxaloacetic Transaminase; SGPT: Serum Glutamic 
Pyruvic Transaminase; SMAD3: Mothers against 
Decapentaplegic Homolog 3; TC/TG: Test Control/Treatment 
Group; TD: Therapeutic dose; TGF-β1: Transforming Growth 
Factor Beta 1; TGF-β2: Transforming Growth Factor Beta 2; 
TIMP1: Tissue Inhibitor of Metalloproteinase 1; TIMP3: Tissue 
Inhibitor of Metalloproteinase 3; TLR-4: Toll-Like Receptor 4; 
Tsg101: Tumor susceptibility gene 101; UC-MSCs: Umbilical 
Cord-derived Mesenchymal Stem Cells; µL, microlitres; 
VCAM1: Vascular Cell Adhesion Molecule 1

Introduction
The global burden of chronic liver disease is rising, currently

afflicting approximately 1.5 billion individuals and resulting in 2
million deaths annually, constituting approximately 4% of all global
mortalities [1-3]. Although hepatitis viruses remain the predominant
etiological agents, there is rising concern regarding alcohol
consumption and Metabolic Dysfunction-Associated Steatotic Liver
Disease (MASLD) [3]. Although infrequently reported, it has a
significant financial and psychological impact on patients and their
families [1]. This underscores the urgent need for enhanced public
health strategies to address the risk factors and mitigate the impact of
chronic liver disease on global health outcomes.

Various therapeutic regimens, including dietary hygiene, alcohol
abstinence, antiviral therapies, immunosuppressants (occasionally),
and symptomatic treatments, are commonly used in the management
of chronic liver failure of various etiologies, they have met with
limited success. Regrettably, no medications are currently available to
reverse fibrosis and cirrhosis, and liver transplantation is the only
definitive treatment. However, challenges such as donor shortages,
high costs, and requirement for long-term immunosuppression limit
the scope of liver transplantation as a scalable solution. Recently,
successful animal and clinical trials in the field of chronic liver disease
have highlighted the potential of biological therapies, particularly
Mesenchymal Stem Cells (MSCs) and exosomes, to fill this
therapeutic void.

MSCs possess anti-inflammatory, anti-apoptotic,
immunomodulatory, regenerative, anti-fibrotic, and angiogenic
properties, which can be exploited to treat chronic liver diseases.
Systemic delivery of Mesenchymal Stem Cells (MSCs) facilitates the
conversion of pro-inflammatory M1 macrophages into anti-
inflammatory M2 macrophages via efferocytosis [4]. The injured liver
releases damage-associated molecular patterns (DAMPs) and
chemokines such as CCL2, CCL5, and CXCL10, which attract M2
macrophages [5]. Within the liver microenvironment, M2
macrophages facilitate an increase in regulatory T cells (Tregs) while
simultaneously decreasing the populations of pro-inflammatory Th1
and Th17 cells and enhancing the anti-inflammatory Th2 population.
Furthermore, Mesenchymal Stem Cells (MSCs) play a role in
increasing the population of Regulatory B cells (Tregs) and assisting
the transformation of dendritic cells into cells that secrete
Interleukin-10 (IL-10). They also contribute to a reduction in IL-17-
secreting NKT17 cells and promote an increase in FoxP3+IL-10-

secreting NKT regulatory cells (NKTregs) [6,7]. This 
immunomodulatory effect on various immune cells culminates in the 
increased expression of anti-inflammatory cytokines, such as IDO, 
IL-10, VEGF, HGF, IGF, TGF-β, NO, PGE, HO, EGF, FGF, and LIF, 
which suppress excessive inflammation and shift the local environment 
from a catabolic to an anabolic state, thereby stimulating dormant 
native hepatic stem cells and promoting liver regeneration. 
Transformed immune cells, along with activated native MSCs, secrete 
anti-fibrotic cytokines such as TGF-β (which can be pleiotropic), 
IL-10, and IL-1ra, modulate metalloproteinases, inhibit fibroblast 
activity, and reduce and potentially reverse fibrosis. In addition, the 
synthesis of proangiogenic proteins, including Vascular Endothelial 
Growth Factor (VEGF), Angiopoietin-1 (Ang-1), Hepatocyte Growth 
Factor (HGF), and Insulin-Like Growth Factor-1 (IGF-1), activates 
endothelial cells, thereby facilitating neovascularization. A recent 
meta-analysis and systematic review of 11 randomized controlled 
clinical trials of MSCs in liver failure illustrated that MSCs improve 
liver function and exert protective effects against liver cirrhosis [8].

Another significant mechanism underlying the regenerative effects 
of MSCs is their paracrine activity, predominantly mediated through 
secreted Small Extracellular Vesicles (SEVs), specifically exosomes, 
which range in size from 30 nm to 150 nm [9]. Small Extracellular 
Vesicles (SEVs) originate from invagination of the plasma membrane, 
leading to the creation of Intraluminal Vesicles (ILVs). The Endosomal 
Sorting Complex Required for Transport (ESCRT) pathway is 
essential to facilitate the integration of multiple ILVs into 
Multivesicular Bodies (MVBs). These MVBs encapsulate a variety of 
cytosolic components, including nucleic acids such as mRNA, 
miRNA, and lcRNA, as well as proteins and lipids [10]. In response to 
appropriate signals, Multivesicular Bodies (MVBs) merge with the 
plasma membrane, facilitating their release into the extracellular space 
as Small Extracellular Vesicles (SEVs) that are actively and 
purposefully taken up by other cells. Because SEVs contain cytosolic 
and genetic material derived from their parent cells, exosomes derived 
from MSCs modulate various immune cells by promoting their 
transformation into an anti-inflammatory regenerative phenotype, 
thereby contributing to the repair of injured tissues and organs, as 
described above. Exosomes can also transfer organelles, such as 
mitochondria, into injured cells and can be potentially anti-apoptotic. 
A pooled analysis of 38 animal trials revealed that exosomes improve 
liver function, promote the repair of injured liver tissue, and have 
therapeutic potential in the treatment of acute and chronic liver 
diseases [11].

The liver is an important immunological organ and a reservoir of 
multiple immune cells that delicately maintains homeostasis in the 
microenvironment, balancing inflammation and tolerance [6]. When 
hepatocytes sustain injury, they release Damage-Associated Molecular 
Patterns (DAMPs) that activate inflammatory pathways and attract 
immune cells [12]. These recruited immune cells then produce pro-
inflammatory cytokines such as IL-1, IL-2a, IL-2b, IL-6, IFN-γ, and 
TNF-α, culminating in excessive inflammation and consequent liver 
damage. MSCs and exosomes can modulate the hyperactive immune 
system as described above.

Animal studies have demonstrated that, while both Mesenchymal 
Stem Cells (MSCs) and their derived exosomes independently reverse 
liver fibrosis with functional restoration, their mechanisms of action 
differ significantly and are mutually exclusive. To date, the synergistic 
potential of combining Mesenchymal Stem Cells (MSCs) with 
exosomes  has not been investigated in  animal or human  clinical trials
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under various disease conditions. This proof-of-concept, first of its 
kind trial, was conducted to evaluate the potential enhancement of 
favorable outcomes by combining MSCs with exosomes.

Materials and Methods

Materials, reagents and kits
#Cat.No: 23227 Thermo Scientific Pierce BCA protein Assay kit, 

0.2 micron filter; CD9, CD63, CD81, Calnexin, HSP-70 and TSG-101 
(CNX) by using anti-CD9, anti-CD63, anti-CD81, anti-calnexin, anti-
HSP-70 and anti-TSG101 (#Cat.No: ab275018, Abcam, US), 
respectively; anti-rabbit HRP-conjugated (Cell Signaling Technologies 
#Cat.No: Anti-rabbit 7074); The bound specific antibody is illuminated 
using chemiluminescent reagents (Bio-Rad Clarity Max Western ECL 
substrate Bio-Rad; Cat. #1705062) in the ChemiDoc (Bio-Rad 
ChemiDoc imaging system #Cat.No: 12003153). All ELISA kits for 
rat tissue inhibitor of metalloproteinase 1 (TIMP-1; #Cat.No: SB-
EKR1023), rat matrix metalloproteinase 13 (MMP13; #Cat.No: SB-
EKR2527), and rat matrix metalloproteinase (MMP-7; #Cat.No: SB-
EKR1179), Rat Albumin (ALB #Cat.No: SB-EKR1004), rat 
cytokeratin 19 (CK19; #Cat.No: SB-EKR2528), rat cytokeratin 18 
(CK18; #Cat.No: SB-EKR1619), rat TGF-Beta-1, and rat IDO, and 
BCA Protein Assay kit (SARD Biosciences; Cat. #SB-AK1030), rat 
alpha fetoprotein (AFP #Cat. No. SB-EKR1094) was supplied by 
SARD Biosciences. The procurement of chemicals for the 
investigation involved acquiring water for injection from Aculife 
Company. DMSO, Phosphate-Buffered Saline (PBS), trypsin, 
Radioimmunoprecipitation Assay (RIPA) buffer, and other reagents 
were purchased from Sigma-Aldrich. Halt Protease Inhibitor Cocktail 
(100x) and phosphatase inhibitors were purchased from Thermo Fisher 
Scientific. ProLiant New Zealand Ltd. provided Bovine Serum 
Albumin (BSA). Ketamine and xylazine were purchased from Troikaa 
Pharmaceuticals, Ltd. All other chemicals and reagents were purchased 
from Sigma-Aldrich and SARD Biosciences. COL1A1 (E8F4L) XP® 
Rabbit mAb #Cat.No: 7202–Cell signaling rabbit mAb recognizes 
endogenous levels of total COL1A1 protein; anti-alpha-smooth muscle 
actin (EPR5368)–ab124964 were procured from Allied Scientific 
Products, Kolkata; Cytokeratin 19 (A-3) is a mouse monoclonal 
antibody specific for epitope mapping between amino acids 7-29 at the 
N-terminus of Cytokeratin 19 of human origin #Cat.No: Sc376126 and 
Mouse monoclonal IgG3 κ from Santa Cruz and Cytokeratin 18 
antibody (RGE53): sc-32329 and mouse monoclonal IgG1 κ from 
Santa Cruz. ALB/Albumin Antibody (F-10): sc-271605 from Santa 
Cruz Biotechnology; Alpha-fetoprotein (EP209)–Path in situ, AB 
Bioscience, and Rabbit Monoclonal (EP209) Clone EP 209.

hUC-MSC culture
Umbilical cords were collected in a sterile manner from donors 

undergoing elective cesarean sections at term following proper donor 
screening and regulatory protocols. The cells were maintained in a 
standard stem cell culture medium enriched with serum. hUC-MSCs 
were harvested using enzymatic digestion and further cultured up to 
passage three to prepare them for therapeutic administration. At the 
time of infusion, the cell viability exceeded 98%, and the average cell 
diameter was less than 10 µm. Morphological assessment revealed 
cells with long, slender, and spindle-shaped characteristics (Figure 1A) 
typical of early passage Mesenchymal Stem Cells (MSCs). These cells 
satisfied the MSC criteria set forth by the International Society of Cell 
and Gene Therapy (ISCT) [13], demonstrating the presence of specific 
surface  markers CD105, CD73,  and CD90, while showing an absence

of hematopoietic markers such as CD45, CD34, CD14, CD11b, 
CD79α, CD19, and HLA-DR (Figure 1B). Additionally, plastic 
adherence and trilineage differentiation into adipose, cartilage, and 
bone tissues were noted, which is in agreement with the ISCT 
guidelines. MSC and exosome culture and isolation protocols have 
been optimized for large-scale manufacturing.

Small Extracellular Vesicles (SEVs) isolation
SEVs were isolated from the supernatants of the cultured UC-MSCs. 

The isolation process involved sequential microfiltration and 
ultrafiltration using filters of varying pore sizes to effectively separate 
and concentrate UC-MSC-derived SEVs. Following isolation, terminal 
sterilization was performed using a 0.2-micron filter. The purified SEVs 
were stored at -80°C until further use. SEVs met the MISEV criteria [9]. 
Nanoparticle Tracking Analysis (NTA) revealed that the SEVs had a 
mean diameter of 97 nm (Figure 2A) and a particle count of 
approximately 80 billion/mL. Western blot analysis revealed the 
presence of tetraspanins CD9 and CD63, the Endosomal Sorting 
Complex Required for Transport (ESCRT) marker TSG 101, and 
exosomal immune modulator HSP70. The cellular contamination 
marker, calnexin, was negative (Figure 2B). The TEM images revealed 
the presence of rounded exosomes with intact lipid bilayers (Figure 2C).

Dose formulation preparation and storage
The test item was administered intravenously through the tail vein 

at a dose of one million hUC-MSCs immediately followed by 5 billion 
SEVs weekly, with a total of three doses administered, one each at 
weeks 4, 5, and 6 in the treatment groups (Table S3).

Experimental animals
This study was conducted using healthy male Wistar rats, weighing 

between 180 and 200 g and aged 7–8 weeks, at the University of 
Hyderabad Animal Facility, Hyderabad (CPCSEA Reg. No.151/1999/
CPCSEA/22.7.1999). Prior to the commencement of the experiments, 
the rats were acclimatized for seven days, during which they had 
unrestricted access to a standard pellet diet and water ad libitum. The 
animals were housed under standard laboratory conditions, which 
included a 12-hour light/dark cycle, a controlled temperature of 22 ± 
2°C, and a relative humidity range of 40–70%. All experimental 
procedures were conducted in strict accordance with the CCSEA 
guidelines for the care and use of experimental animals, and the study 
protocols were approved by the Institutional Animal Ethics Committee 
(IAEC) of UoH/CB (approval no. UH/IAEC/MS/21/03/2024/08).

Experimental procedures
Following a 7-day acclimatization period, the body weights of the 

rats were recorded. Based on these measurements, the animals were 
randomized and divided into disease control and treatment groups. 
Starting from week 1 (with the acclimatization week designated as 
week 0), Carbon Tetrachloride (CCl4) was administered orally to all 
animals at a dose of CCl₄ 1 mL/kg (diluted 1:1 in olive oil, v/v). The 
dosing was conducted twice weekly, with 2–3 days between 
consecutive administrations, continuing from weeks 1 to 6 (Table S3). 
Beginning at week 4, after three weeks of disease induction (six doses 
of CCl₄ administered to all animals), the test item was introduced via 
intravenous injection into the tail vein of the treatment group. The test 
item was administered weekly with a total of three doses, one each at
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weeks 4, 5, and 6. Blood samples were collected at the following 
intervals: Week 0 (two days prior to the first CCl4 dose); week 3 (after 
the sixth CCl4 dose); week 6 (after the third treatment dose but before 
the final CCl4 injection); week 7 (on necropsy day, post-euthanasia) 
(Figure 3A). During necropsy, the liver and spleen were excised and 
cleaned with Phosphate-Buffered Saline (PBS) under aseptic conditions. 
The tissues were processed as follows. A portion of the liver tissue was 
stored at -80°C for subsequent cytokine analysis. The remaining liver 
tissue was preserved in 10% formalin for histological evaluation, which 
included Hematoxylin and Eosin (H&E) staining, Masson's Trichrome 
staining, Sirius red staining, and immunohistochemistry for markers, 
such as ALB, AFP, CK18, CK19, MMP-13, TIMP-1, α-SMA, and 
collagen deposition. Biochemical markers were analyzed in the serum 
samples, including AST, ALT, ALB, globulin, A/G ratio, ALP, total 
protein, direct bilirubin, indirect bilirubin, and total bilirubin. A portion 
of the liver tissue stored at -80°C was used for Reverse Transcription 
Polymerase Chain Reaction (RT-PCR) to evaluate the expression of 
MMP-13, TIMP-1, TGF-β1, ALB, AFP, CK18, and CK19, and 
additional tissues were used for Enzyme-Linked Immunosorbent Assay 
(ELISA) to quantify markers, such as ALB, AFP, CK18, CK19, 
TIMP-1, MMP-13, TGF-β1, IDO, and IL-6. Blood was collected in 
EDTA tubes for hematological analysis, which included complete blood 
count, neutrophil count, mixed cell number, percentages of neutrophils, 
mixed cells, and lymphocytes, as well as hemoglobin, Mean Platelet 
Volume (MPV), Mean Corpuscular Hemoglobin (MCH), Mean 
Corpuscular Volume (MCV), Mean Corpuscular Hemoglobin 
Concentration (MCHC), hematocrit, and platelet count. Blood collected 
in clot tubes, allowed to clot, centrifuged at 4000 rpm for 15 min at 4°C 
to separate the serum, which was stored at -80°C until being dispatch to 
the designated test facility in accordance with sponsor recommendations.

Clinical observations
General clinical observations were performed daily throughout the

study to monitor the animals’ health and behavior. Detailed clinical
observations were performed during the study period. Behavioral and
physiological changes in the animals were assessed using home cage
observations, handheld evaluations, open-field activity assessments,
and nervous and muscular measurements.

Body weights and organ index
Throughout the study, the body weight of the experimental animals

was consistently tracked until the conclusion of the study. After
euthanasia, the liver and spleen were carefully removed, rinsed with
Phosphate-Buffered Saline (PBS), and weighed immediately. The
organ index, which is the ratio of wet organ weight to body weight,
was determined by normalizing liver and spleen weights to the total
body weight of the animals. The findings were reported in grams per
100 g of body weight (g/100 g BW). This analysis offers significant
insights into the influence of the experimental conditions on organ size
and overall systemic health.

For hematological analysis, assessment of biochemical parameters
in serum and whole blood, RNA isolation and quality control, protein
estimation, immunoblot analysis, histopathological analysis of liver
tissues were performed.

Estimation of hematological parameters in blood
On the final day of the study, blood samples were collected from all 

experimental animals by using the retro-orbital plexus method. The 
samples were drawn into tubes containing the anticoagulant, 
dipotassium EDTA. Hematological parameters were assessed using a 
blood cell counter (Getein Animal Medical Automatic hhematology 
analyzer 3000Vet). The Parameters measured included total white 
blood cell counts, neutrophils, lymphocytes, monocytes, eosinophils, 
and basophils, expressed as “× 103 cells/mm3” or as percentages. 
Differential cell counts, Platelet Distribution Width (PDW), and Mean 
Platelet Volume (MPV) were evaluated using a hematology analyzer. 
The results for PDW and MPV are presented in Femtoliters (fL), 
whereas other hematological data are expressed in standard units. This 
comprehensive analysis provided detailed insights into the 
hematological status of the experimental animals.

Assessment of biochemical parameters in serum
Blood samples were coagulated at room temperature for 2 h and 

then centrifuged at 3000 rpm for 15 min at 4°C. The resulting serum 
was separated and stored at -80°C for subsequent analysis. Serum 
levels of Alkaline Phosphatase (ALP) and Alanine Aminotransferase 
(ALT) were quantified using commercial kits procured from Genuine 
Biosystems PVT Ltd. (India). These measurements were performed 
using Weldon biotech-WB-2416119. Biochemistry semi-auto-
analyzer. All data are expressed in relevant units and biochemical 
parameters are presented in U/L. This protocol ensures precise and 
reliable serum evaluation.

Estimation of antioxidant activity in liver tissues
Liver tissue was homogenized (10% w/v in PBS) as described by 

Sangaraju et al. [14]. The supernatant was analyzed for Glutathione 
Peroxidase (GPx) and reduced Glutathione (GSH), and the pellet was 
treated with 10% trichloroacetic acid and centrifuged (1,800 × g, 10 
min). The total protein content was determined via the BCA assay 
(BSA standard) using a microplate reader (Biotek Synergy H1). 
Reduced Glutathione (GSH) levels were measured using Ellman’s 
method (DTNB reaction), with concentrations derived from a standard 
curve (Sigma-Aldrich) and expressed as μg GSH/mg tissue. 
Glutathione Peroxidase (GPx) activity was assessed at 420 nm (25°C), 
quantifying NADPH oxidation, and expressed as nmol NADPH/min/
mg tissue.

Assessment of gene expression analysis by using RT-PCR
Total RNA was extracted from approximately 50 mg of tissue using 

TRIzol reagent (Life Technologies, USA), eluted in 50 µL of 
nuclease-free water, and quantified using the Qubit® RNA BR Assay 
Kit (Life Technologies). RNA integrity was assessed by 1% agarose 
gel electrophoresis (5 V/cm, 30 min in 0.5 × TBE buffer), followed by 
DNase treatment to eliminate DNA contamination. cDNA was 
synthesized from 1 µg of total RNA using oligo(dT)18 primers and M-
MLV Reverse Transcriptase (Invitrogen, USA) in a 20 µL reaction (5 
mM oligo(dT)18, 1 mM dNTPs, and 3 mM Mg2+). Duplicate reactions 
were pooled for each sample (40 µL). Primers were designed using 
Primer BLAST (NCBI) and validated in silico. The primers were 
synthesized by Macrogen Inc. (South Korea) and resuspended to 100 
pmol/µL in nuclease-free water (primer sequences are listed in Table 
S2). qPCR was performed on a StepOnePlus system (Applied 
Biosystems) using SYBR Green (Takara Bio). The reactions (20 µL)
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contained 2 µL of diluted cDNA, 2X SYBR Green, 2.5 nM primers, 
and ROX dye. The cycling conditions were as follows: 94°C (30 s), 40 
cycles of 94°C (5 s) and 60°C (30 s), followed by melt curve analysis. 
β-Actin served as the housekeeping gene, and the data were analyzed 
using Step One Plus and Data Assist software.

Estimation of cytokine levels in liver tissue via ELISA
Liver tissues from each animal were weighed, minced, and 

homogenized to a 10% concentration in ice-cold PBS (pH 7.4) 
containing a 1% Halt protease inhibitor cocktail. The homogenates 
were centrifuged at 5,000 × g for 20 min at 4°C, and the supernatants 
were collected for analysis. ELISA kits were used to quantify the 
levels of several proteins and cytokines in liver tissue supernatants. 
The assessed markers included albumin (ALB), measured in µg/mg of 
protein; pro-inflammatory cytokine IL-6, measured in ng/mg of 
protein; inflammatory mediator IDO, measured in ng/g of protein; 
Chemokines, such as AFP, measured in µg/mg of protein; fibrotic 
markers, including TGF-β1 (ng/g of protein), MMP-13, and TIMP1 
(ng/mg of protein); and cytokeratin markers, such as CK18 and CK19, 
measured in ng/mg of protein. Protein concentrations in the liver 
samples were quantified using a BCA protein assay kit with Bovine 
Serum Albumin (BSA) as the standard. The ELISA was performed 
according to the manufacturer's instructions. The absorbance was 
measured at 450 nm using a BioTek Synergy H1 hybrid microplate 
reader. Cytokine concentrations in the liver tissues were reported as ng/
mg of protein, ng/g of protein, or µg/mg of protein, depending on the 
specific marker analyzed.

Histopathological analysis of liver tissues
On day 46, liver tissue samples from all experimental groups were 

collected, rinsed with cold Phosphate-Buffered Saline (PBS), and fixed 
in 10% neutral-buffered formalin. The fixed tissues were processed 
using standard histological procedures, including dehydration through 
graded alcohols, clearing in xylene, and embedding in paraffin wax. 
Sections of 3–5 µm thickness were prepared using a Leica rotary 
microtome (Bensheim, Germany). For histopathological evaluation, the 
sections were stained with Hematoxylin and Eosin (H&E) to assess 
general tissue architecture, Masson's Trichrome to visualize collagen 
deposition, and Picrosirius Red for detailed analysis of collagen fibers. 
Slides were examined in random order under a light microscope at 
magnifications of 40×, 100×, 200×, and 400×. Representative images 
were captured using a CILIKA BT-InviDigital semi-Apo-2021 
microscope (MedPrime, India) for documentation and analysis.

Histopathology and Immunohistochemistry (IHC) Scoring
Tissue sections approximately 3-5μm thick were subjected to 

Hematoxylin and Eosin (H&E) staining for routine histological 
evaluation and Masson's Trichrome (MT) and PSR staining for 
collagen visualization. The severity of hepatic fibrosis was assessed 
using the NASH fibrosis score [15] (Table S3), which is a four-tier 
system derived from the METAVIR score [16]. The fibrotic area was 
quantified using image analysis. The histopathological grading of 
fibrosis was defined as follows (Tables S4 and S5): 0, no fibrosis; 1, 
periventricular and/or pericellular fibrosis; 2, septal fibrosis; 3, 
incomplete cirrhosis; 4, complete cirrhosis. Immunohistochemistry 
(IHC) staining for cytoplasmic expression of AFP, ALB, α-SMA, 
Col1A1, CK-18, and CK19 in CCl4-Induced fibrotic liver disease. 
Tables S6 and S7 show  the scoring system  that enabled  the semi-

quantitative assessment of AFP and albumin expression, providing 
insights into the extent of hepatocyte injury and progression of hepatic 
fibrosis in CCl4-induced fibrotic liver disease. Tables S8 and S9, the 
scoring system aids in the semi-quantitative assessment of Col1A1 and 
α-SMA expression, which correlates with the severity of fibrosis and 
HSC activation in liver disease models. Tables S10 and S11 provide a 
semi-quantitative assessment of CK18 and CK19 expression, 
correlating with the progression and severity of liver fibrosis. Semi-
quantitative analysis of fibrosis was based on the expression levels of 
IHC markers, such as AFP, ALB, α-SMA, Col1A1, CK-18, and CK19. 
The fibrosis score for each sample was calculated as the mean of the 
eight fields per slide. Consistency in fibrosis scoring was observed 
across pathologists, with minimal variation, and quantified using 
the Fiji (ImageJ) software.

Survival study
This study aimed to evaluate the mortality rate in rats subjected to 

liver fibrosis and cirrhosis induced by the administration of Carbon 
Tetrachloride (CCl4). Mortality data were systematically recorded on a 
daily basis in the experimental animal facility from days 1 to 29, with 
observations continuing until the conclusion of the study on day 46. 
Survival rates across the experimental groups were analyzed using 
statistical methods and Kaplan-Meier survival curves, taking into 
account the observed mortality rates. The results were expressed as 
survival percentages over a 46-day period. These data provide insight 
into the survival dynamics of rats under CCl4-induced liver conditions.

Statistical analysis
Data analysis was performed using SPSS (version 23.0) and 

GraphPad Prism software. The results from experimental 
investigations, including hematology, biochemistry, ELISA, body 
weight, feed intake, and liver index, were expressed as mean ± S.E.M. 
For comparisons between two groups, such as disease control versus 
treatment or test control groups, an independent sample t-test was 
employed to calculate p-values. One-way Analysis of Variance 
(ANOVA) was used to analyze the data collected at different time 
points, including body weight and biochemical parameters. Statistical 
significance was set at p<0.05. Kaplan-Meier survival analysis was 
performed, and significance was determined using the log-rank 
(Mantel-Cox) test. Statistical significance was denoted as follows: 
*p<0.05, **p<0.01, and ***p<0.001, while “ns” indicated non-
significant results, all in comparison to the disease control group.

Results

Characterization of human UC-MSCs
Human Umbilical Cord-Derived Mesenchymal Stem Cells (UC-

MSCs) demonstrate a characteristic fibroblast-like spindle-shaped 
morphology when observed under phase-contrast microscopy during 
in vitro expansion (Figure 1A). Flow cytometric analysis verified the 
high expression of standard MSC surface markers CD73 (99.5%), 
CD90 (99.8%), and CD105 (98.3%). Conversely, there was minimal 
expression of the hematopoietic and immunogenic markers CD45, 
CD34, CD11b, CD19, and HLA-DR (<0.5%) (Figure 1B), thus 
fulfilling the minimal ISCT criteria for defining MSCs (Table S1).
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Figure 1: Analysis of the morphology and surface markers 
of Mesenchymal Stem Cells (MSCs) was conducted. 

Note: (A) The illustration shows MSCs with a slender, 
spindle-shaped morphology during attachment culture at 90% 
confluency. (B) Flow cytometric analysis was performed to evaluate 
the expression of International Society for Cellular Therapy (ISCT) 
CD markers on MSCs. The analysis included positive surface markers 
CD73, CD90, and CD105, as well as negative markers CD34, CD11b, 
CD19, CD45, and HLA-DR, utilizing the Human MSC Analysis 
Kit. The data are presented as the mean ± Standard Error of the 
Mean (SEM) from three independent experiments (n=3).

Characterization of Small Extracellular Vesicles (SEVs)
Small Extracellular Vesicles (SEVs) isolated from culture 

supernatants of Umbilical Cord-Derived Mesenchymal Stem Cells 
(UC-MSCs) were characterized by Nanoparticle Tracking Analysis 
(NTA), Western blotting, and Transmission Electron Microscopy 
(TEM). NTA results indicated that the SEVs had a mean diameter of 
97 nm, with a size distribution within the typical exosomal range of 
30–150 nm (Figure 2A). Western blot analysis confirmed the presence 
of the exosomal markers CD9, CD63, and TSG101 (Figure 2B). TEM 
images revealed intact spherical vesicles with a cup-shaped 
morphology and a lipid bilayer membrane, consistent with the 
ultrastructural characteristics of SEVs (Figure 2C).

Note: (A) The NTA spectrophotometric graph illustrates the 
diameter and particle number of exosomes using the nanoparticle 
tracking analyzer. (B) The expression of various markers in the 
exosomes is analyzed by Western blot. (C) Exosomes are examined 
under a Transmission Electron Microscope (TEM). Data represent the 
mean ± SEM of three independent experiments (n=3).

Physiological and macroscopic effects
Rats exposed to CCl4 exhibited progressive weight loss and reduced 

feed intake, both of which were significantly ameliorated by UC-MSC
+SEV treatment on day 35 (p<0.001; Figures 3C–D). The treated 
group regained body weight (P<0.001) by day 35, whereas the disease 
group continued to decline. However, no intergroup differences were 
observed at 42 or 46 days. Notably, the disease group showed 
pronounced weight loss after the third week, which was reversed in the 
treated animals, along with improvements in liver weight (Figures 3C 
and 3E). Behavioral observations indicated reduced lethargy in treated 
rats from day 28 to 35 and at day 45, although no differences were 
noted at day 42–46. The liver index (liver-to-body weight ratio) was 
significantly higher in the disease group, but stabilized in the treated 
animals (Figure 3E).

Figure 3: (A) The experimental design encompassed the timing and 
frequency of blood collection, necropsy, and the administration of 
CCl4, MSC, and exosome doses. (B) A Kaplan-Meier survival plot was 
utilized. (C) Alterations in body weight and (D) changes in feed intake 
were observed in both the disease control and treated animal groups. 
(E) Variations in the liver weight index between the two groups were 
assessed. The results are expressed as mean ± SEM (n=14). Kaplan-
Meier survival analysis was employed, and statistical significance was 
evaluated using the log-rank (Mantel-Cox) test. The results are 
presented as mean ± SEM. Statistical significance in the treatment 
group is indicated by *p<0.05, **p<0.01, and ***p<0.001 when 
compared to the disease control group; ns denotes non-significance.

Immunomodulatory impact of UC-MSC+SEV treatment 
restores hematological, biochemical, and antioxidant 
parameters in CCl4-induced liver fibrosis/cirrhosis
   Hematological parameters: The therapeutic efficacy of UC-MSCs 
combined with SEVs in mitigating CCl4-induced liver fibrosis was
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    Figure 2: Characterization and Identification of exosomes and 
Western blot analysis.



further corroborated by hematological evaluation, specifically focusing 
on differential blood cell counts and platelet parameters. 
Administration of CCl4 led to significant alterations in the 
hematological profile, indicative of systemic inflammation and liver 
dysfunction. CCl4-induced liver injury results in notable hematological 
abnormalities, including reduced Platelet Distribution Width (PDW) 
and elevated Mean Platelet Volume (MPV), which is indicative of 
thrombopoietic stress. These parameters were significantly restored 
following therapy (PDW, p<0.01; MPV, p<0.01; Figures 4A–B). The 
disease group also exhibited neutrophilia and lymphopenia, both of 
which normalized in the treated rats (Figure 4C). In the disease cohort, 
there was a notable increase in neutrophil percentage (p<0.05), a 
decrease in lymphocyte percentage (p<0.01), and a significant increase 
in the mixed-cell population (eosinophils, basophils, and monocytes) 
(p<0.001) compared to the treated group. These changes reflect 
heightened immune and inflammatory responses associated with 
progressive liver fibrosis. Moreover, Platelet Distribution Width 
(PDW) and Mean Platelet Volume (MPV) were significantly elevated 
(p<0.01) in the disease group, suggesting increased platelet activation 
and potential hepatocellular damage. Treatment with UC-MSCs+SEVs 
effectively reversed these abnormalities and restored the hematological 
parameters to normal levels. Compared with the disease group, the 
treated group exhibited a significant reduction in neutrophil percentage 
(p<0.05), an increase in lymphocyte percentage (p<0.01), and a 
decrease in the mixed-cell population (p<0.001) (Figure 4A). 
Additionally, PDW (Figure 4B) and MPV (Figure 4C) were 
significantly reduced (p<0.01) in the treated group, indicating reduced 
platelet activation and inflammation, which aligns with the diminished 
fibrogenesis and hepatocellular stress. These findings underscore the 
anti-inflammatory and immunomodulatory effects of UC-MSCs
+SEVs on hematological profiles in CCl4-induced liver fibrosis. By 
normalizing the immune cell dynamics and platelet function, UC-
MSCs+ SEVs demonstrated their potential to mitigate systemic 
inflammation and promote hepatic recovery under fibrotic conditions.

Biochemical parameters: The therapeutic efficacy of UC-MSCs 
combined with SEVs in ameliorating liver fibrosis was further 
elucidated through a comprehensive analysis of key biochemical 
markers in the liver tissues of CCl4-treated rats. As illustrated in 
Figures 4D and E, the disease group exhibited significant dysregulation 
in serum biochemical parameters, indicative of hepatic injury and 
fibrosis progression. Serum levels of Alanine Aminotransferase (ALT) 
and Alkaline Phosphatase (ALP), markers of hepatocellular and 
biliary damage, were markedly elevated in the CCl4 group 
(p<0.001) and significantly reduced following UC-MSC+SEV 
administration (p<0.001, Figures 4D and E). In the CCl4-treated 
disease group, a notable increase in ALP activity was observed at 
weeks 6 and 8, accompanied by a marked elevation in ALT levels at 
week 8. Consistent with a previous study, no differences in AST levels 
were observed [17]. These biochemical alterations underscore ongoing 
liver damage and fibrotic progression associated with oxidative stress 
and inflammatory cascades. Elevated levels of inflammatory 
cytokines, cytokeratins, and Matrix Metalloproteinases (MMPs) 
suggest extensive hepatic cell injury, altered cellular permeability, and 
leakage of liver enzymes such as ALT and ALP into the bloodstream. 
This reflects the compromised structural integrity of the hepatocytes 
and necrotic processes in the liver. Treatment with UC-MSCs+SEVs 
effectively mitigated these biochemical disruptions, as evidenced by a 
significant reduction in serum ALP activity at weeks 6 and 8 and ALT 
levels at week 8 in the treated group (Figures 4D and E). This

normalization of hepatic enzymes underscores the reduction in fibrotic
progression, decreased hepatocellular stress, and the restoration of
liver function. These findings highlight the hepatoprotective and
antifibrotic properties of UC-MSCs+SEVs.

Antioxidant parameters: Elevated levels of Reactive Oxygen
Species (ROS) such as superoxide and hydrogen peroxide contribute
to lipid peroxidation, protein oxidation, and DNA damage, ultimately
leading to cellular damage. In the present study, the administration of
Mesenchymal Stem Cells (MSCs) in conjunction with exosomes to
animals was associated with increased levels of antioxidants,
including Glutathione (GSH) and Glutathione Peroxidase (GPx), as
depicted in Figures 4F and G. Furthermore, the antioxidant biomarkers
Glutathione (GSH) and Glutathione Peroxidase (GPx), which were
depleted in fibrotic rats, exhibited significant recovery in treated
animals (GSH: p<0.01; GPx: p<0.001; Figures 4F and G). This
enhancement of antioxidant defenses aids in restoring the balance
between oxidants and antioxidants and potentially plays a crucial role
in promoting liver regeneration by mitigating oxidative stress and
protecting cellular integrity.

Figure 4: Hematological analysis was conducted to assess changes 
in (A) Differential cell count, (B) Platelet Distribution Width (PDW), 
and (C) Mean Platelet Volume (MPV) of blood samples. Biochemical 
analysis evaluated alterations in (D) Alkaline Phosphatase (ALP) and 
(E) Alanine Aminotransferase (ALT) levels in serum samples between 
the disease control and treatment groups. Antioxidant levels were 
compared in (F) Glutathione (GSH) and (G) Glutathione Peroxidase 
(GPx) through antioxidant assays of liver tissue in both the disease 
control and treatment groups. The results are presented as mean ± 
Standard Error of the Mean (SEM). Statistical significance for the 
treatment group (n=14) is indicated by *p<0.05, **p<0.01, and 
***p<0.001 when compared to the disease control group (n=8); ns 
denotes non-significant differences.

Impact of UC-MSCs+SEVs on mRNA expression levels in 
CCl4-induced liver fibrosis/cirrhosis

Reversal of fibrogenic and hepatocellular gene expression: To 
further evaluate the therapeutic effects of UC-MSCs in combination 
with SEVs on liver fibrosis, RT-PCR was performed to assess the 
mRNA expression of key hepatic markers in CCl4-treated rats. In the 
disease group, there was a significant upregulation of fibrogenic and 
injury-related genes, including α-Fetoprotein (AFP), Cytokeratin-18 
(CK-18), Cytokeratin-19 (CK-19), Matrix Metalloproteinase-13 (MMP-13),
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Tissue Inhibitor of Metalloproteinases-3 (TIMP-3), And Transforming 
Growth Factor-β1 (TGF-β1), indicating liver injury, regeneration, and 
fibrotic progression (Figures 5A, C–G). In contrast, Albumin (ALB) 
expression was also suppressed (Figure 5B). Treatment with UC-
MSCs+SEVs resulted in a significant downregulation of CK-19 
(p<0.05) and TIMP-3 (p<0.01), suggesting a reduction in hepatocyte 
dedifferentiation and fibrogenic signaling. Although AFP, CK-18, 
MMP-13, and TGF-β1 exhibited non-significant reductions, their 
decreased expression suggests suppressed fibrogenesis and 
hepatocellular stress. Notably, ALB levels showed a non-significant 
increase, implying partial functional recovery (Figures 5A–G). These 
findings demonstrated that UC-MSCs+SEVs effectively restored 
hepatic gene expression patterns and mitigated fibrotic progression by 
modulating key markers of liver injury and fibrosis. The significant 
reduction in CK-19 and TIMP-3 levels, along with trends towards 
normalization in other genes, underscores their hepatoprotective and 
anti-fibrotic potential in CCl4-induced liver damage.

Figure 5: Gene expression levels of various proteins in liver tissue 
were compared between the disease control and treatment groups. The 
proteins analyzed included: (A) Alpha-fetoprotein, (B) Albumin, (C) 
Cytokeratin-18, (D) Cytokeratin-19, (E) Matrix metalloproteinase-13,
(F) Transforming growth factor-β1, and (G) Tissue Inhibitor of 
Metalloproteinases-3 (TIMP-3). The results are presented as mean ± 
SEM. Statistical significance in the treatment group (n=14) is indicated 
by *p<0.05, **p<0.01, and ***p<0.001 when compared to the disease 
control group (n=8); ns denotes non-significance.

Impact of UC-MSCs+SEVs on protein expression in CCl4-
induced liver fibrosis

Modulation of protein biomarkers by ELISA: The therapeutic 
efficacy of UC-MSCs in conjunction with SEVs in mitigating CCl4-
induced liver fibrosis was evaluated using ELISA-based quantification 
of protein expression in hepatic tissues (Figure 6). The fibrotic control 
group exhibited significant dysregulation of protein markers with 
notable reductions in indoleamine 2,3-dioxygenase (IDO; p<0.05) and 
Transforming Growth Factor-β1 (TGF-β1; p<0.01). Although the 
changes in the levels of alpha-fetoprotein (AFP), albumin (ALB), 
cytokeratin-18 (CK-18), Interleukin-6 (IL-6), Matrix Metalloproteinase-13 
(MMP-13), and Tissue Inhibitor of Metalloproteinases-1 (TIMP-1) were 
not statistically significant. Conversely, a slight but nonsignificant 
reduction was  observed for  Cytokeratin-19 (CK-19). These  molecular

alterations suggest that significant liver damage is likely to be driven 
by oxidative stress and inflammation, leading to hepatocyte membrane 
disruption, protein leakage, and impaired liver function.

Figure 6: The expression levels of various protein markers in liver 
tissues from disease control and treatment groups were assessed using 
ELISA. The markers evaluated included (A) Alpha-fetoprotein, (B) 
Albumin, (C) Cytokeratin-18, (D) Cytokeratin-19, (E) Indoleamine 
2,3-dioxygenase, (F) Interleukin-6, (G) Matrix metalloproteinase-13,
(H) Tissue Inhibitor of Metalloproteinases-1 (TIMP-1), and (I) 
Transforming growth factor-β1. The results are presented as mean ± 
SEM. Statistical significance for the treatment group (n=14) is 
indicated by *p<0.05, **p<0.01, and ***p<0.001 when compared to the 
disease control group (n=8); ns denotes non-significant differences.

Administration of UC-MSCs in combination with SEVs 
significantly ameliorated these pathological changes. Restoration of 
IDO and TGF-β1 expression levels, along with a reduction in pro-
inflammatory and fibrotic mediators, indicates a robust therapeutic 
effect. This recovery underscores the anti-inflammatory and anti-
fibrotic potential of the combined therapy, possibly mediated through 
the modulation of the TGF-β/SMAD signaling pathway. Collectively, 
these findings suggest that UC-MSCs and SEVs synergistically protect 
hepatocytes, reduce fibrosis, and enhance the overall liver architecture 
and function.

Impact of UC-MSCs+SEVs on histopathological appearance 
of Cirrhosis in CCl₄-induced liver damage

Histopathological improvement in liver architecture: Liver 
fibrosis and cirrhosis were evaluated using a combination of 
histological techniques, including Hematoxylin and Eosin (H&E), 
Masson's Trichrome (MT), and  Picrosirius Red (PSR)  staining.  These
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staining methods consistently revealed similar histopathological 
patterns across the groups. Repeated administration of CCl4 in olive oil 
over a six-week period resulted in severe liver damage, with qualitative 
assessments by an experienced pathologist confirming extensive 
fibrosis and cirrhosis. Representative micrographs (Figure 7) illustrate 
the pronounced morphological differences between the untreated 
fibrotic controls and treated animals.

Histological analysis revealed significant hepatic injury in the 
disease control group, characterized by architectural distortion, 
bridging fibrosis, dense collagen accumulation, and strong 
birefringence under polarized light (Figures 7A-C). Among these, 12 
of the 14 animals developed histologically confirmed cirrhosis 
(p<0.001). In contrast, none of the animals that received UC-MSCs or 
SEVs developed cirrhosis, indicating a significant reversal of the 
disease. Notably, only 2 of the 14 animals in the disease group 
exhibited spontaneous resolution of cirrhosis.

Three weeks after treatment with UC-MSCs and SEVs, liver tissues 
demonstrated marked structural improvements. Histological features 
showed restoration of normal lobular architecture, a significant 
reduction in necroinflammation, and decreased collagen content. 
Fibrosis and NASH activity scores were significantly lower in the 
treated group than in the disease control group (p< 0.001; Figures 7A-
C).

Overall, CCl4-induced fibrotic and cirrhotic livers exhibited severe 
tissue remodeling, including thick fibrous septa, pseudolobule 
formation, and widespread collagen deposition. These pathological 
hallmarks were substantially reversed following the combined UC-
MSC and SEV therapy. H&E, MT, and PSR staining collectively 
demonstrated significant histological recovery, which was further 
validated by quantitative fibrosis scoring. The treatment resulted in a 
highly significant reduction in fibrotic indices (p<0.001), confirming 
the robust antifibrotic efficacy of UC-MSCs and SEVs.

Figure 7: Histopathological staining techniques, including (A) 
Hematoxylin and Eosin, (B) Masson's Trichrome , and Picrosirius Red 
(PSR), were employed to analyze (i) Liver tissues from disease control 
and (ii) Treatment groups, as well as (iii) Histopathological scores, 
specifically for Non-Alcoholic Steatohepatitis (NASH) and fibrosis. 
The results are expressed as mean ± SEM. Statistical significance for 
the treatment group (n=14) compared to the disease control group 
(n=8) is indicated by *p<0.05, **p<0.01, and ***p<0.001; ns denotes 
non-significant differences.

Effect of UC-MSCs+SEVs on IHC markers in the liver 
tissue

Reduced expression of fibrotic and dedifferentiation markers by 
immunohistochemistry: Immunohistochemistry (IHC) was used to 
evaluate the expression of key hepatic and fibrotic markers, α-SMA, 
COL1A1, ALB, AFP, CK-18, and CK-19, to assess the effects of UC-
MSCs combined with SEVs on CCl4-induced liver fibrosis and 
cirrhosis. Six weeks of CCl4 administration with olive oil resulted in 
severe liver damage, characterized by architectural disarray, prominent 
fibrous septa, pseudolobular formation, and extensive collagen 
accumulation. These pathological changes were confirmed through 
qualitative pathological assessment and quantitative image analysis 
using the FIJI software (Figure 8 A).

The disease group exhibited pronounced upregulation of α-SMA and 
COL1A1, indicating activation of hepatic stellate cells and excessive 
Extracellular Matrix (ECM) deposition, respectively (Figures 8A). In 
contrast, animals treated with UC-MSCs and SEVs demonstrated a 
significant downregulation of both markers (p<0.001, Figures 8A), 
reflecting reduced fibrogenic activity and ECM remodeling.

Albumin (ALB), a marker of hepatocyte function, was notably 
diminished (p<0.05) in fibrotic livers, but was significantly restored 
(p<0.05) following UC-MSC+SEV therapy (Figure 8E), indicating 
recovery of hepatocyte functionality. Similarly, elevated expression of 
α-Fetoprotein (AFP), Cytokeratin-18 (CK-18), and Cytokeratin-19 
(CK-19), indicative of hepatocyte dedifferentiation and the acquisition 
of a progenitor-like phenotype, was markedly reduced after treatment 
(p<0.001, Figure 8F, C-D). This normalization suggests reversal of 
liver injury and restoration of mature hepatocyte identity.

Weekly administration of UC-MSCs and SEVs for three weeks led 
to substantial histological improvement and normalization of IHC 
markers (p<0.001 for α-SMA, COL1A1, AFP, CK-18, and CK-19; 
p<0.05 for ALB). These changes were accompanied by a significant 
reduction in fibrosis scores and reversal of cirrhosis in treated animals, 
as validated by pathological scoring.

Overall, this comprehensive IHC analysis underscores the robust 
therapeutic efficacy of UC-MSCs combined with SEVs in mitigating 
liver fibrosis and cirrhosis. This treatment effectively modulated 
fibrogenic and hepatic markers, restored liver architecture, and 
reestablished functional hepatocyte populations, highlighting its 
potential as a regenerative strategy for chronic liver injury.
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Figure 8: Immunohistochemical analysis was conducted on (A) α-
SMA, (B) COL1A1, (C) Cytokeratin 18, (D) Cytokeratin 19, (E) 
Albumin, and (F) Alpha-Fetoprotein in liver tissues from (i) disease 
control and (ii) treatment animal groups. Additionally, (iii) IHC scores 
and (iv) quantitative scores representing the percentage of positive area 
were determined using Fiji Software. The results are expressed as 
mean ± SEM. Statistical significance for the treatment group (n=14) 
compared to the disease control group (n=8) is indicated by *p<0.05, 
**p<0.01, and ***p<0.001; ns denotes non-significant differences.

Effect of UC-MSC and SEV therapy improves survival
Survival analysis: A 45-day survival analysis indicated that 

untreated fibrotic rats administered CCl4 exhibited a mortality rate of 
42.8%, whereas no fatalities were observed in the treatment group. 
Mortality was restricted to the disease control group, with one animal 
succumbing in the second week and the other five succumbing in the 
fifth week. By contrast, the group treated with UC-MSCs+SEVs 
demonstrated complete survival until the conclusion of the experiment. 
Kaplan-Meier analysis revealed a significant difference in survival 
outcomes: The control group experienced 42.8% mortality, primarily 
between weeks 2 and 5 (Figure 3B), whereas the treated group had 
no fatalities (p<0.01).

Discussion
Numerous animal trials have established that MSCs and exosomes, 

when used separately, are safe and effective in alleviating liver failure 
[11,18]. Although animal trials have shown promising results for 
exosomes in liver failure [11] there are currently no published human 
trials on exosomes. However, MSCs have shown promising results in 
numerous animal and clinical trials on liver failure [8]. To date, no 
trial has explored the potential synergistic effects of combining these 
two biologics to enhance therapeutic outcomes, not only in liver 
failure but also in any disease condition, either in pre-clinical or

clinical trials. Our trial demonstrated that the combined use of 
Mesenchymal Stem Cells (MSCs) and exosomes can facilitate hepatic 
regeneration, leading to the reversal of fibrosis and cirrhosis, as well 
as improvements in liver function, morbidity, and mortality.

Importantly, the reversal of cirrhosis was also observed in this study, 
as 12/14 animals in the control group exhibited cirrhosis, which was not 
observed in any of the treated animals. Histopathological evaluation 
using PSR, MT, and H&E staining demonstrated near-complete 
resolution of fibrosis and cirrhosis in treated animals, consistent with 
previous MSC and exosome animal trials [17,19-21]. This marked 
reversal has not been previously reported with non-biological treatments, 
highlighting the potential for further investigation.

Remarkably, in contrast to the control group, gross examination of 
the livers in the study cohort revealed a significant reversal of fibrosis 
in the treated animals, whose appearance closely resembled that of the 
normal livers. These beneficial effects have been reported in animal 
trials using biologics [17,19-21], which is unprecedented for other 
non-biological pharmacological agents.

All animals that received CCl4 exhibited abnormal responses to 
handheld stimulation, displaying signs of irritability and resistance to 
touch, particularly in the abdominal region, which is indicative of pain 
and tenderness. Additionally, decreased motility and increased anxiety 
were observed in the CCl4-treated animals. Notably, these adverse 
effects were reversed in the animals treated with Mesenchymal Stem 
Cells (MSCs) or exosomes. Furthermore, CCl4-treated animals 
displayed lethargy, reduced food intake, progressive body weight loss, 
elevated liver weight index, and increased liver weight, all of which 
were improved in the treatment group.

In response to noxious stimuli, Kupffer cells release TGF-β, which 
subsequently transforms stellate cells into myofibroblasts, stimulates 
Extracellular Matrix (ECM) production, predominantly collagen, and 
culminates in fibrosis. Upon ACTA2 activation, myofibroblasts 
express α-SMA, a well-known fibrosis marker. Additionally, during 
liver injury, HSCs are activated in response to TGF-β and are a major 
source of COL1A1, resulting in liver fibrosis and cirrhosis. MSCs in 
combination with exosomes facilitated a reduction in α-SMA levels 
and COL1A1 by IHC staining in treated animals, indicating decreased 
HSC activation and myofibroblast activity with subsequent reversal of 
fibrosis. Furthermore, H&E, MT, and PSR staining demonstrated 
significant reversal of fibrosis and cirrhosis in the treatment group. 
Taken together, the decrease in α-SMA and COL1A1 levels and 
resolution of fibrosis/cirrhosis based on immunohistology seem to 
indicate that the combination of MSCs and exosomes can be 
potentially antifibrotic.

CK19 expression indicates the activation of hepatic progenitor cells 
in response to chronic liver damage or diseases, such as hepatitis or 
cirrhosis. A reduction in CK19 mRNA expression by liver cells and in 
the immunohistochemistry score was noted in the treatment group, 
implying possible liver regeneration. When hepatocytes undergo 
apoptosis or necrosis owing to liver injury, CK18 is cleaved by 
caspases and released. However, the mRNA expression and 
immunohistochemistry scores of CK-18 were reduced in the treated 
animals, reflecting liver rejuvenation. Elevated ALT levels are 
primarily associated with hepatocellular injury as they are 
predominantly found in the liver. When liver cells are damaged, ALT 
is released into the bloodstream, making it a critical marker for the 
assessment of liver health. ALP levels may correlate with liver  disease
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severity, particularly in conditions characterized by cholestasis. 
Persistent elevation of ALP can indicate worsening of liver function or 
progression to more severe forms of liver disease such as cirrhosis. 
Decreases in ALT and ALP levels were observed in the animals in the 
treatment group. The reduction in CK-18, CK-19, ALT, and ALP 
levels indicated the possible hepatoprotective effects of the MSC-
exosome combination. The non-significant increase in albumin mRNA 
expression in treated animals suggests restoration of hepatic function.

Increased levels of IDO were observed in the liver tissues of the 
treated animals. IDO catalyzes the first rate-limiting step in the 
catabolism of tryptophan to kynurenine, which in turn decreases the 
activity of T cells, macrophages, and dendritic cells while stimulating 
Tregs, thereby modulating the inflammatory response observed in 
chronic liver failure. Decreases in elevated neutrophil, monocyte, 
basophil, and eosinophil counts, along with an increase in depressed 
lymphocyte counts in the treatment group, may reflect the leveling of 
the immune and inflammatory responses associated with progressive 
liver fibrosis.

Oxidant/antioxidant imbalance is a critical factor implicated in 
tissue injury across a wide range of diseases. Mesenchymal Stem Cells 
(MSCs) are recognized for their express various antioxidant enzymes, 
which can help restore the balance. Notably, our study revealed 
significant elevations in key antioxidant enzymes [21,22], including 
Glutathione (GSH) and glutathione peroxidase (GPx), in the liver 
tissues of treated animals. This increase in antioxidant activity may 
have contributed to the observed liver regeneration, suggesting a 
potential therapeutic role of MSCs in mitigating oxidative stress and 
promoting tissue repair.

The exclusive administration of MSCs has been shown to have 
beneficial effects in controlled trials involving CCl4-induced liver 
injury in animal models. Studies have reported positive outcomes for 
exosomes in comparable settings, indicating that both MSCs and 
exosomes have independent therapeutic benefits [23]. A survival 
benefit was demonstrated in a previous study using MSCs [23], larger 
doses were required than those used in the present study. In a rat 
model of CCl4 induced liver failure, portal vein infusion and hepatic 
parenchymal injection of 1 million autologous adipose MSCs without 
exosomes resulted in hepatic regeneration. However, the survival 
benefit was not assessed. Although improvements in total bilirubin 
levels and sonographic and histopathological appearances were noted 
five weeks after MSC treatment, no improvement in survival was 
reported despite the invasive mode of MSC administration [17]. The 
primary objective of any therapeutic agent is to reduce the morbidity 
and mortality. Although morbidity rates have been found to be 
comparable when MSCs and exosomes are administered independently 
in animal models of chronic liver disease, the combination of these two 
biologics appears to enhance survival rates compared with MSC 
treatment alone.

Unexpectedly, we observed a survival benefit in the present study. 
This could be attributed to the reversal of fibrosis/cirrhosis, restoration 
of the hepatic architecture, and rejuvenation of hepatocyte morphology 
associated with functional improvement. In the control group, 42% of 
the animals succumbed to CCl4-induced injury, whereas none of the 
animals in the treatment group died. Although the results of animal 
trials cannot be translated directly into clinical trials, this finding is 
particularly significant, given that liver diseases account for 
approximately 2 million deaths annually (4% of all global deaths), with 
cirrhosis contributing to half of these fatalities. Although numerous 
animal trials  have demonstrated hepatic regeneration following MSC

administration [17,19,20-22,24,25] in chronic liver disease, and only 
one trial has assessed its survival benefits. Yu et al. administered low, 
medium, and high MSC doses of 2.5, 5, and 10 million GMP grade 
UC-MSCs IV, respectively, in a CCl4 liver injury mouse model. The 
survival rates for high, medium, and low doses were 100%, 92.3%, and 
90.7%, respectively, whereas those for the control group were only 
55% in the control group [23]. Although the survival benefit in this 
study was comparable to that in our trial, larger doses were required 
compared to our study. In contrast to the severe combined 
immunodeficiency (SOD) mice used in their study, our animals were 
not immunocompromised. The primary objective of any therapeutic 
agent is to reduce the morbidity and mortality. Although morbidity 
rates have been found to be comparable when MSCs and exosomes are 
administered independently in animal models of chronic liver disease, 
the combination of these two biologics appears to enhance survival 
rates compared with MSC treatment alone [23-26].

Our study reveals several intriguing findings that warrant further 
investigation. Notably, Transforming Growth Factor-Beta (TGF-β) 
exhibited a pleiotropic effect, with decreased mRNA expression, in 
contrast to the increased levels detected by ELISA. As a cytokine 
secreted by Mesenchymal Stem Cells (MSCs), TGF-β is implicated in 
tissue regeneration via the TGF-β/Smad signaling pathway [26], 
suggesting its potential role in liver regeneration, as observed in this 
study. TGF-β is also a primary driver of liver fibrosis and cirrhosis. 
Additionally, Tissue Inhibitor of Metalloproteinases-3 (TIMP-3), a 
crucial regulator of Extracellular Matrix (ECM) remodeling, showed 
significantly reduced mRNA expression in treated animals, which 
could exacerbate ECM degradation and contribute to liver disease 
progression. Furthermore, while albumin mRNA expression was 
elevated in the liver tissues of the treatment group, 
Immunohistochemistry (IHC) revealed lower albumin levels, 
highlighting the complexity of these findings and the need for further 
exploration (Supplementary Figures).

This study successfully demonstrated the safety and efficacy of 
combining Mesenchymal Stem Cells (MSCs) and exosomes for the 
treatment of chronic liver failure. However, they do not provide 
insights into the individual contributions of these components. To 
elucidate their distinct roles, future studies should incorporate multiple 
study arms to allow for comprehensive assessment of the specific 
therapeutic effects of MSCs and exosomes. This approach will 
enhance our understanding of the synergistic or independent 
mechanisms of action, ultimately leading to the development of 
targeted and effective therapeutic strategies.

Conclusion
Liver failure remains a critical global health issue and therapeutic 

interventions are scarce. Mesenchymal Stem Cells (MSCs) and 
exosomes have shown independent regenerative capabilities in 
preclinical studies of chronic liver disease. However, their therapeutic 
potential has not been explored. This study was the first to evaluate the 
effectiveness of MSCs and exosomes in reversing fibrosis and 
cirrhosis, restoring liver architecture, and enhancing morbidity and 
mortality in a CCl4-induce liver failure model. Combination therapy 
markedly improved survival rates compared with the control groups, 
with no mortality recorded among the treated subjects. 
Histopathological analysis demonstrated a nearly complete resolution 
of fibrosis, supported by decreased α-SMA and COL1A1 expression. 
Additionally, treatment with MSC-exosomes resulted in improved 
ALT and ALP levels, improved hepatocyte morphology, and restored
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immune balance, as indicated by increased IDO expression and
normalized lymphocyte count. Elevated levels of antioxidant enzymes,
such as Glutathione (GSH) and Glutathione Peroxidase (GPx) suggest
a protective effect against oxidative stress-related damage.
Importantly, the reduced expression of CK-18 and CK-19 suggests
their potential for liver regeneration. Although MSCs and exosomes
individually offer hepatoprotective effects, their combined use appears
to amplify the therapeutic outcomes. Given the remarkable fibrosis
reversal and survival benefits observed, further research is necessary
to elucidate the synergistic mechanisms of MSC-exosome interactions.
Future clinical applications of this innovative therapeutic strategy
could address the unmet needs of liver disease treatments.
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