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Objective: to conduct a comprehensive bibliometric analysis of publications from 2008 to 2024 on the problem
of cell therapy for liver diseases using mesenchymal stem cells (MSCs) with stem-like properties, with the goal
of identifying new ways to tackle this problem. Materials and methods. A bibliometric analysis was carried out
using the Scopus electronic database. The search included article titles, abstracts, and keywords. The dataset was
exported in BibTeX and CSV formats for compatibility with VOSviewer and R software. Data were analyzed
using R (version 4.4.2) and visualized through the Bibliometrix online analytical platform and VOSviewer (version
1.6.20). Results. The analysis identified four distinct periods of publication activity reflecting the evolution of
research into the use of MSCs for liver regeneration in cases of liver injury. Period 1 (2008-2012) — This phase
was marked by exploratory studies investigating the therapeutic potential of MSCs derived from various sources,
including bone marrow, adipose tissue, and umbilical cord cells. Early findings highlighted the promise of MSC-
based therapy and underscored the need for more rigorous and targeted research. Period 2 (2013-2016) — During
this period, research focused on elucidating the mechanisms underlying the regulatory and regenerative effects of
MSCs on damaged organs. Significant progress was made in the field of tissue engineering, aimed at enhancing
the survival and functional integration of apoptotic MSCs post-transplantation. Period 3 (2017-2020), and more
notably period 4 (2021-2024), were marked by the expansion, deepening, and intensification of research into the
properties of apoptotic MSCs. Particular emphasis was placed on the regulatory functions and therapeutic poten-
tial of their secreted paracrine and trophic factors — specifically exosomes, extracellular vesicles, and apoptotic
bodies. Conclusion. This bibliometric analysis has outlined key directions for further research in the development
and application of cell technologies, particularly the use of MSCs in regenerative medicine. Future studies will
likely focus on identifying the most active paracrine and trophic factors, elucidating their chemical structures
and biological functions, and subsequently manufacturing chemical and pharmaceutical agents with bioactive
regenerative properties. Such advancements would help standardize the production of MSC-based therapeutics
and increase their availability for clinical use. Moreover, the bibliometric approach applied in this study can serve
as a valuable tool for tracking and forecasting trends in related biomedical research fields.

Keywords: mesenchymal stromal cells, transplantation, stem cells, chronic liver disease, liver failure,
fibrosis, cirrhosis, regenerative medicine, bibliometric analysis.

INTRODUCTION

The problem of treating chronic liver failure remains
unresolved worldwide. Mortality reaches approximately
2 million people annually (about 4% of all deaths), with
severe liver failure due to fibrosis or cirrhosis accoun-
ting for nearly 50% of these cases [1]. Liver cirrhosis is
currently the 11th leading cause of death globally, while
liver cancer ranks 16th; together, they represent 3.5% of
all deaths worldwide. Cirrhosis also ranks among the top
20 causes of disability and accounts for 2.1% of disability
worldwide [2].

At the current stage of medical therapeutic options,
this problem can be definitively addressed only by donor
liver transplantation [2—5]. Meanwhile, the persistent
shortage of donor organs and the steadily increasing
number of patients requiring liver transplantation se-
verely limit access to this method. Given the limited ef-
ficacy of available medications and antifibrotic therapies,
there is ongoing interest in developing more accessible,
physiological, and effective approaches — particularly
those that can stimulate the patient’s own regenerative
capacity of the liver.
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The use of mesenchymal stromal cells (MSCs) with
stem cell properties isolated from autologous or allo-
geneic human tissues has become a promising new the-
rapeutic strategy that has been developed worldwide
since the last third of the 20th century.

Research into the therapeutic potential of MSCs in
liver diseases is still ongoing. However, we were unable
to find any studies that highlight and evaluate the trends
and patterns of further development of biomedical re-
search in this field in the 21st century, which could bring
us closer to solving the problem of cell therapy and make
MSCs and MSC-derived products widely available in
clinical practice.

The objective of this work is to conduct an com-
prehensive bibliometric analysis of published studies
conducted over the past 16 years (2008—2024) on the
problem of cell therapy for liver diseases using MSCs
in order to identify possible new ways to tackle this pro-
blem.

MATERIALS AND METHODS

In this study, a bibliometric (quantitative) analysis
was performed using a comprehensive set of methods
aimed at describing the current state, identifying research
trends, and projecting future directions in global scien-
tific work on the use of MSCs in the treatment of liver
diseases over the past 16 years (2008—2024). The analy-
sis was conducted using the Scopus electronic database,
which offers extensive metadata (authors, keywords,
countries, citations, etc.) and enables dynamic and de-
tailed bibliometric evaluation over time (years).

The search was performed by abstract, article title,
and keywords using the following query: (“hepatic*”
OR “liver*”) AND (“mesenchymal stem cell*”” OR “me-
senchymal stromal cell*”). To assess the proportion of
clinical studies within the initial dataset, an additional
query was applied using the terms: treatment or case
report or treat or clinical trial.

The search was carried out on December 24, 2024,
and all files were downloaded on the same day to avoid
discrepancies related to daily database updates. Comple-
te publication records and cited references were exported
in both BibTeX and CSV formats (the Scopus interface
allows export in several formats: text, CSV, and BibTeX).
The BibTeX file was imported into R software (version
4.4.2) and then into the online analytical platform Bib-
liometrix (https://www.bibliometrix.org), as described
in [6]. To visually construct tag clouds (keywords), the
CSV file was imported into VOSviewer (version 1.6.20,
https://www.vosviewer.com) [7].

The dataset was filtered using the following criteria:
document type (article), publication period (2008-2024),
with no restrictions on language or country of publica-
tion.

While working on the Bibliometrix platform, a biblio-
metric analysis was carried out, beginning with general
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descriptive statistics. The analysis initially focused on
the core bibliometric indicators reported by the original
authors and then expanded to include country-specific
metrics. Each of the major categories was examined in
detail, including: annual scientific output; publication
sources; number of articles per author; frequency dis-
tributions of scientific contributions; author keywords;
thematic dendrograms; article citation metrics; national
publication activity; national citation impact; and nati-
onal collaboration networks.

For keyword analysis, the most frequently occurring
author keywords were used. A list of synonyms was com-
piled and grouped under a single keyword or phrase.
In each case, the first word in the list was selected as the
representative keyword.

1. Mesenchymal stem cell, mesenchymal stem cells,
mesenchymal stromal cell, mesenchymal stromal
cells, stem cells, stem cell, mscs, mesenchymal stem
cells (mscs), msc, mesenchymal stromal cell.

Stem cell transplantation, mesenchymal stem cell
transplantation, stem cell therapy, stem cell trans-
plantation, cell transplantation, cellular therapy.

Rat, rats, rats sprague-dawley.

Animals, animal, animal experiment, animal model,
disease models.

Mouse, mice, mice inbred C57BL, C57BL mouse.

Exosome, exosomes.

Cell culture, cells cultured.

Bone marrow cell, bone marrow, bone marrow cells,
bone marrow mesenchymal stem cell, bone marrow-
derived mesenchymal stem cells, bone marrow me-
senchymal stem cells, bmscs.

9. Human, humans.
10.Umbilical cord, human umbilical.
11.Liver fibrosis, fibrosis, hepatic fibrosis.
12.Regenerative medicine, regeneration.
13.Liver cirrhosis, cirrhosis.
14.Differentiation, cell differentiation.
15.Hepatocyte, hepatocytes.
16.Acute liver failure, acute liver injury.
17.Chronic liver failure, Chronic liver injury.

18. Immunotherapy, immunomodulation, immunosup-

pression.

A number of stop words were identified and excluded
from the analysis:

1. Article.

2. Priority Journal.

3. Review.

Excel (version 2411) was used to create tables and
graphs.

RESULTS

A total of 6,527 articles were initially identified, af-
ter which a selection algorithm was applied to isolate
topic-relevant publications. The overall dataset consisted
of: original articles (4,181), reviews (1,844), editorials
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(123), book chapters (113), conference papers (75), notes
(57), short surveys (47), letters (41), errata (33), retracted
publications (8), conference reviews (2), books (2), and
data papers (1). Only original articles (4,181) were re-
tained for further analysis; therefore, 2,346 publications
were excluded.

Next, filtering based on the publication timeframe
(2008-2024) was applied without restrictions on langua-
ge or country of origin. This resulted in 244 additional
exclusions, and a refined total of 3,937 articles. However,
only 3,892 articles were successfully imported and analy-
zed using the Bibliometrix platform (https://bibliometric.
com/), as 45 articles were unavailable or incompatible
with the analytics software.

The initial set of 6,527 publications was composed
of articles written in multiple languages, including Eng-
lish (5,925), Chinese (486), Russian (63), Japanese (9),
French (9), German (7), Ukrainian (5), Polish (4), Persian
(4), Korean (4), Hungarian (4), Portuguese (3), Spanish
(2), Czech (1), and Arabic (1).

An additional search query targeting clinical research
terms revealed that a big chunk of the analyzed publica-
tions were clinical studies — 2,304 articles, representing
58.6% of the 3,892 publications analyzed during the
study period.

We analyzed the dynamics of publication activi-
ty over the entire study period (2008—2024) using the
previously defined search query (by abstract, title, and
keywords). The results showed that 655 articles were
published during 2008-2012, 914 articles during 2013—
2016, 1,027 articles during 2017-2020, and 1,296 ar-
ticles during 2021-2024. Thus, a consistent and steady
increase in thematic publications was observed across
the four time intervals.

Similarly, year-by-year analysis indicated an increase
from 89 publications in 2008 to 353 publications in 2021.
In particular, two notable peaks of heightened publica-
tion activity were observed in 2015 and 2021 (Fig. 1).

The number of articles reporting the results of clinical
studies has also shown a steady upward trend. In 2008,
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clinical studies accounted for 33.7% of total publications
(30 out of 89 articles); in 2016, this figure rose to 54.9%
(134 out of 244); and by 2024, it had reached 71.25%
(228 out of 320 articles). These data indicate growing
interest among clinicians in the potential of cell thera-
py, with most publications representing pilot studies or
early-phase clinical trials.

In the next phase of our study, we proceeded to con-
solidate and summarize the bibliometric data for the
selected articles based on key parameters for the period
2008-2024.

The analysis revealed that the total number of sour-
ces (journals and books) amounted to 1,148, and the
total number of articles analyzed was 3,892. The annual
growth rate in publications was calculated at 8.33%. The
average age of the documents reviewed was 6.46 ye-
ars, and the average number of citations per article was
29.65. A total of 6,481 author keywords (DE) were
identified across the dataset. The articles were authored
by 16,245 persons, with an average of 7.9 co-authors
per publication, and the proportion of international co-
authorship was 17.78%.

Thus, bibliometric evaluation according to our se-
lected parameters confirmed a steady annual increase in
publication output (8.33%) and demonstrated that the
published work in this field is characterized by extensive
multi-authorship and a relatively high level of internati-
onal collaboration (17.78%).

Fig. 2 presents the dynamics of publication activity
in the 10 most prolific journals on this topic and lists
the titles of the journals that most frequently published
relevant articles during the study period (2008-2024).

Analysis of the data shown in Fig. 2 confirms that the
number of publications appearing in the leading thematic
journals on this topic has been steadily increasing from
year to year.

Next, our study focused on identifying the most in-
fluential and highly cited articles in the field, as well as
the most active authors contributing to the subject area.
Table 1 provides a list of the 25 most cited publications,
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Fig. 1. Trends in the annual number of global publications on the use of mesenchymal stem cells in liver diseases, 2008—2024
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including their title, first author, journal, year of publi-
cation, and DOI.

A comparative analysis of the publication activity of
the 25 most productive authors showed that they main-
tained a consistently high publication output across all
periods beginning in 2008. However, these highly active
authors rarely appeared among the first authors of the
25 most cited articles (Table 1). This finding suggests
that the most frequently publishing authors likely lead
large research teams, and the most highly cited works
may reflect the collective output of these groups.

The next stage of our study involved analysis of ove-
rall scientific activity across different countries with res-
pect to the topic under investigation. The evaluation was
conducted according to five key criteria: Articles (total
number of theme-specific publications from a country),
Articles % (percentage of thematic articles relative to
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the country’s total scientific output), SCP (single country
publications, number of articles authored solely by re-
searchers from one country), MCP (multiple country pu-
blications, number of articles co-authored by researchers
from different countries), MCP % (proportion of interna-
tionally co-authored articles relative to the country’s total
thematic publications). The results of this country-level
analysis are presented in Fig. 3.

Analysis of the results presented in Fig. 3 shows
that the most active countries in this field are China,
the United States, South Korea, Japan, Iran, Egypt, and
Germany. Among them, China exhibits the highest ab-
solute number of publications on this topic, with most of
its articles authored exclusively by Chinese researchers.
By contrast, countries with lower absolute publication
output demonstrate a markedly higher proportion of in-
ternational collaboration.
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Fig. 2. Trends in the number of publications from 2008 to 2024 in the 10 most prominent thematic journals in the world (jour-

nal names indicated in the figure)

Table 1
Most cited articles on the use of MSCs in liver disease: a bibliometric overview
Article DOI Citation

count
A randomized, double-blind, placebo-controlled, dose-escalation
study of intravenous adult human mesenchymal stem cells (pro- ..
chymal) after acute myocardial infarction. HARE JM, 2009, J 10.1016/j.jacc.2009.06.055 1ol
AM COLL CARDIOL
Extracellular vesicle in vivo biodistribution is determined by cell
source, route of administration and targeting. WIKLANDER 10.3402/jev.v4.26316 1103
OPB, 2015, J EXTRACELL VESICLES
Multivascular networks and functional intravascular topologies .
within biocompatible hydrogels. GRIGORYAN B, 2019, SCI 10.1126/science.aav9750 1007
Pulmonary passage is a major obstacle for intravenous stem cell
delivery: the pulmonary first-pass effect. FISCHER UM, 2009, 10.1089/scd.2008.0253 993
STEM CELLS DEV
Adipose tissue dysfunction as determinant of obesity-associated ..
metabolic complications. LONGO M, 2019, INT ] MOL SCI 10.3390/1jms20092358 975
Coronavirus disease 2019 (COVID-19): current status and future Ce
perspectives. LI H, 2020, INT J ANTIMICROB AGENTS 10.1016/j jjantimicag.2020.103951 822
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End of Table 1

Article

DOI

Citation
count

Aggregation of human mesenchymal stromal cells (MSCs) into
3D spheroids enhances their antiinflammatory properties. BAR-
TOSH TJ, 2010, PROC NATL ACAD SCI USA

10.1073/pnas.1008117107

783

Exosomes derived from human umbilical cord mesenchymal
stem cells alleviate liver fibrosis. LI T, 2013, STEM CELLS
DEV

10.1089/s¢d.2012.0395

733

Perivascular Glil+ progenitors are key contributors to injury-in-
duced organ fibrosis. KRAMANN R, 2015, CELL STEM CELL

10.1016/j.stem.2014.11.004

725

Mesenchymal stem cells: mechanisms of inflammation. SINGER
NG, 2011, ANNU REV PATHOL MECH DIS

10.1146/annurev-pathol-011110-130230

713

Allogeneic human mesenchymal stem cells for treatment of

E. coli endotoxin-induced acute lung injury in the ex vivo
perfused human lung. LEE JW, 2009, PROC NATL ACAD SCI
USA

10.1073/pnas.0907996106

621

Mesenchymal stem cells are short-lived and do not migrate
beyond the lungs after intravenous infusion. EGGENHOFER E,
2012, FRONT IMMUNOL

10.3389/fimmu.2012.00297

614

Direct evidence of mesenchymal stem cell tropism for tumor
and wounding microenvironments using in vivo bioluminescent
imaging. KIDD S, 2009, STEM CELLS

10.1002/stem.187

594

Exosomes derived from miR-122-modified adipose tissue-deri-
ved MSCs increase chemosensitivity of hepatocellular carcino-
ma. LOU G, 2015, ] HEMATOL ONCOL

10.1186/513045-015-0220-7

587

Immunosuppressive properties of mesenchymal stem cells:
advances and applications. DE MIGUEL MP, 2012, CURR MOL
MED

10.2174/156652412800619950

568

Multipotent mesenchymal stromal cells obtained from diverse
human tissues share functional properties and gene-expression
profile with CD146+ perivascular cells and fibroblasts. COVAS
DT, 2008, EXP HEMATOL

10.1016/j.exphem.2007.12.015

523

Microvesicles derived from adult human bone marrow and tissue
specific mesenchymal stem cells shuttle selected pattern of miR-
NAs. COLLINO F, 2010, PLOS ONE

10.1371/journal.pone.0011803

521

Mesenchymal stem cell-derived molecules directly modulate
hepatocellular death and regeneration in vitro and in vivo. VAN
POLL D, 2008, HEPATOLOGY

10.1002/hep.22236

473

Mesenchymal stem cell-derived exosomes promote hepatic
regeneration in drug-induced liver injury models. TAN CY, 2014,
STEM CELL RES THER

10.1186/scrt465

459

Stem cell therapy for liver disease: parameters governing the
success of using bone marrow mesenchymal stem cells. KUO
TK, 2008, GASTROENTEROLOGY

10.1053/j.gastro.2008.03.015

428

Unique multipotent cells in adult human mesenchymal cell popu-
lations. KURODA'Y, 2010, PROC NATL ACAD SCI USA

10.1073/pnas.0911647107

416

Airway delivery of mesenchymal stem cells prevents arrested
alveolar growth in neonatal lung injury in rats. VAN HAAFTEN
T, 2009, AM J RESPIR CRIT CARE MED

10.1164/rcem.200902-01790C

395

Improvement of liver function in liver cirrhosis patients after
autologous mesenchymal stem cell injection: a phase I-1I clinical
trial. KHARAZIHA P, 2009, EUR J GASTROENTEROL HEPA-
TOL

10.1097/MEG.0b013e32832alf6c

395

Immunomodulation by therapeutic mesenchymal stromal cells
(MSC) is triggered through phagocytosis of MSC by monocytic
cells. DE WITTE SFH, 2018, STEM CELLS

10.1002/stem.2779

391

Bone marrow stromal/stem cell-derived extracellular vesicles re-
gulate osteoblast activity and differentiation in vitro and promote
bone regeneration in vivo. QIN'Y, 2016, SCI REP

10.1038/srep21961

380
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For example, Switzerland shows 71.4% of its publi-
cations as collaborative (MCP), while Saudi Arabia and
Sweden show 61.5% and 58.5%, respectively.

To identify further trends in the development of MSC-
based therapies for acute and chronic liver diseases, and
to reveal potential new research directions, we next ana-
lyzed the changing frequency of major author keywords
across different time intervals.

After reviewing 3,892 articles published between
2008 and 2024 (655 articles in 2008-2012; 914 in 2013—
2016; 1,027 in 2017-2020; and 1,296 in 2021-2024), we
identified a total of 52 recurring author keywords, from
which we selected what we consider to be the 32 most
thematically significant keywords used in articles related
to MSC-based treatment of liver diseases.

Based on the annual frequency of use of these key-
words within each time period, trend trajectories were
constructed for each of the selected keywords. The re-
sults are summarized in Table 2, where each keyword
appears with the identifier assigned to it by the analytical
software used in the study.

To obtain the absolute number of keyword occur-
rences across the study periods, the frequency indicated
for the period 2008—2012 should be multiplied by 5 (re-
presenting 5 years), and those for subsequent periods
(2013-2016, 2017-2020, 2021-2024) should each be
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publications (SCP)

Country

CHINA=

USA=-

KOREA=

JAPAN=

IRAN=

EGYPT=
GERMANY=
ITALY =

INDIA=

UNITED KINGDOM=
SPAIN=
BELGIUM=-
CANADA-
BRAZIL=
FRANCE=
NETHERLANDS=
TURKEY =
INDONESIA=
PAKISTAN=
SINGAPORE=
SWEDEN=
POLAND=
SWITZERLAND=
SAUDI ARABIA=
THAILAND=

_ | Total number of multi-country

2| 8| R| | publications (MCP)

NEREER
| ==
G| 0| &[0

)
IS

134

w
>
N
=)

w
~
)

[
¥
=N
)

[
>N
@

=

34
36
27
21
22
24
13] 17
1| 24
18
19
14

)

=

=

w

o

10

multiplied by 4 years. The combined total across all peri-
ods gives the absolute frequency of a given keyword. For
example, for the term mesenchymal stem cell: 50.2 x 5 +
88 x4+93.75 x4+ 116.75 x 4 = 1445 total occurrences.

Analysis of the keyword usage trends presented in
Table 2 shows that the problem of treating acute and
chronic liver failure using cellular technologies remains
highly relevant and unresolved. This is evidenced by the
steadily increasing total number of publications and the
rising proportion of clinical studies — most of which are
still pilot trials.

A growing number of studies now focus on the effects
of MSCs in promoting regeneration of hepatocytes and
hepatic stellate cells, as well as their role in modula-
ting immune-mediated inflammation in the liver and
restoring systemic immune homeostasis — conditions
necessary for effective regenerative repair. While bone
marrow-derived MSCs remain a major source, interest in
adipose-derived MSCs is increasing, likely due to their
easier accessibility.

There is also a notable rise in studies exploring the in-
volvement of apoptosis and oxidative stress mechanisms
in MSC activity. Importantly, a surge of new keywords
appeared in Period 3 (2017-2020) and especially in Pe-
riod 4 (2021-2024), such as exosomes and extracellular

. Single-country publications (SCP)

. Multi-country publications (MCP)

&

o-----.......

Total number of articles 560

1000 1500

Fig. 3. Total number of thematic publications on MSCs in liver disease, categorized by country. The bars represent the number

of publications produced solely by authors from the same country (SCP, single-country publications) and those resulting from
international collaborations (MCP, multiple country publications)
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vesicles, indicating a shift toward cell-free MSC-based
therapies, focusing on paracrine and trophic mechanisms.

To visualize the dynamics of research focus across the
observation periods, we constructed a Sankey diagram
presented in Fig. 4. This diagram illustrates the evolving
interaction between the most prominent keywords in
different periods.

In the first stage (2008-2012), several keywords were
only loosely connected to the topic of MSCs; howe-
ver, many of these terms later converged into a clearly
defined mesenchymal cell cluster in the second stage.
During the second period (2013-2016), a separate set of
keywords emerged that had not appeared in the earlier
stage. In the third stage (2017-2020) these terms mer-
ged into thematic clusters such as liver regeneration and

hepatocyte, reflecting a growing focus on the cellular
sources and specific liver pathologies being addressed.

In the third stage, new branches also appeared from
the earlier mesenchymal cell cluster of the second stage
and are involved in the implementation of the mecha-
nisms of their therapeutic potential in the models used.
The fourth stage (2021-2024) is characterized by a more
detailed exploration of the role of MSCs in associated
conditions and complications of liver disease, as well as
their influence on specific mechanisms that determine
therapeutic efficacy.

Thus, Fig. 4 clearly visualizes both the direction and
intensity of evolution in research priorities across diffe-
rent time intervals, based on the dynamics and clustering
of the most commonly used keywords.

Table 2

Trends in keyword usage over time: annual frequency of key terms
in publications across distinct time periods

S/N Keywords Research periods
2008-2024 | 2008-2012 | 20132016 | 2017-2020 | 2021-2024 | 20082024 trend
Total Per year Per year Per year Per year

1 Mesenchymal stem cell 1445 50,2 88 93,75 116,75 P s
2 Bone marrow cell 275 10,6 21 17,25 17,25 i
3 Liver fibrosis 254 3,8 8,75 17 47 R
4 | Stem cell transplantation 172 5,6 14 14 8 . S
5 |Cell therapy 164 4.4 5 15,5 15 —_—
6 | Hepatocyte 155 8 12,25 9 7,5 il
7 Liver cirrhosis 149 3 11,25 10,75 11,5 ==
8 Liver 139 54 5 10,75 12,25 =
9 Differentiation 132 10 9,75 5 5,75 T S~
10 |Exosomes 110 0,2 2 12,25 28,75 _—
12 | Acute liver failure 97 2 8,25 6 7,5 e
13 | Transplantation 96 4,8 10 5 3 —
14 | Extracellular vesicles 95 0 1 6,25 16,5 e
15 | Tissue engineering 91 0,8 6,75 11,25 3,75 —
16 |Inflammation 90 1 2,5 6,75 12 e
18 |Liver regeneration 86 2 6,5 5,5 7 R
19 | Apoptosis 84 2,2 6,75 5,25 6,25 = s
20 |Hepatic differentiation 65 3,6 4 5,5 2,25 —
21  |Immunotherapy 58 1,4 1 5,5 6,25 —
22 | Liver injury 58 1,4 2,25 5 5,5 -
23 | Adipose tissue 54 2.4 2,75 3,25 4.5 e
24 | Oxidative stress 54 0,2 1,25 3,5 8,5 —
25 | Liver transplantation 53 1,2 3 3,5 5,25 ————
26 | Hepatic stellate cells 51 1,4 2,75 3 5,25 —
27 | Hepatocyte-like cells 47 2,2 4,25 4 0,75 NG
28 | Cirrhosis 44 1 3,5 3 3,25 T
30 |Liver failure 43 0,8 2,25 4,5 3 T
31 |Hepatocyte growth factor 41 2 3 2,5 2,25 T T —
32 |Regeneration 40 0,4 2 3,75 3,75 e
36 | Autophagy 33 0 0,75 3 4,5 -—
44 | Acute liver injury 26 0,6 1,5 2,25 2 T
50 |Liver disease 24 1 1,5 1,5 1,75 —_—
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Fig. 4 demonstrates that the evolution of priority re-
search areas follows a wave-like dynamic, with scienti-
fic interests converging, diverging, and influencing one
another across time, ultimately shaping both current and
future investigative directions.

DISCUSSION

Analysis of the results shows that during the first
(early) period, 2008-2012, research worldwide was
predominantly exploratory, focusing on the therapeutic
potential of MSCs. MSCs from various sources, main-
ly bone marrow (BM), adipose tissue, and umbilical
cord, were applied in models of liver injury (acute and
chronic liver failure, fibrosis, cirrhosis, hepatocellular
carcinoma) in an effort to restore regenerative processes
in hepatocytes and hepatic stellate cells.

During this period, research began to investigate pro-
posed mechanisms of MSC action, such as their ability to
differentiate into hepatocyte-like cells or to exert effects
via homing and secretion of hepatocyte growth factor.
However, in subsequent years, the importance of these
mechanisms was disputed or not fully confirmed, and
publication activity in these specific mechanistic direc-
tions gradually declined [8—13].

Notably, in this first period, there was almost a com-
plete absence of keywords such as exosomes, extra-
cellular vesicles, tissue engineering, oxidative stress,
immunomodulation, and immunosuppression — terms
whose usage increased beginning in the second period,
and especially in the third and fourth periods of analysis.

These findings suggest that as early as the second
period, a new conceptual framework was emerging re-
garding the regulatory and regenerative mechanisms of
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MSCs in damaged organs. The pivotal shift occurred
with the landmark hypothesis proposed by Thum et al.
in 2005 [12], later confirmed scientifically, which sug-
gested that the therapeutic effect of MSCs and other
stem cells is largely mediated through apoptosis of the
transplanted cells, developing after isolation, followed by
release of paracrine and trophic factors (including exo-
somes, extracellular vesicles, apoptotic bodies, growth
factors, various RNAs, lipids, amino acids, cytokines,
chemokines, etc.). These released components act as
biologically adequate adaptogenic regulators on cells in
the damaged tissue [14, 15].

In the second period, research on tissue enginee-
ring intensified, with a focus on developing strategies
to maintain MSC viability after transplantation and to
prolong their functional presence in the body [16—-19].
The positive and encouraging results obtained during the
third and fourth periods contributed substantially to the
expansion and consolidation of a new research direction
centered not only on MSCs themselves, but increasingly
on the paracrine factors they secrete.

It became evident that paracrine factors, such as exo-
somes, extracellular vesicles, and apoptotic bodies, along
with trophic factors like hepatocyte growth factor, have a
powerful ability to restore structural and functional inte-
grity in the liver and other organs, as well as to modulate
systemic immune homeostasis. These factors create a
favorable microenvironment for regenerative recove-
ry of damaged tissues [20—26]. This shift is reflected
in the sharp rise in the frequency of keywords such as
exosomes, extracellular vesicles, conditioned medium,
inflammation, immunomodulation, and immunosuppres-
sion during the third and especially the fourth periods.
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Fig. 4. Wave dynamics illustrating the evolution of keyword frequency and thematic interrelationships in publications from
2008 to 2024 (Sankey diagram). Nodes represent key thematic terms — points where flows begin, end, or intersect. The size of
each node reflects the relative frequency and prominence of the keyword in a given period. Flows (connecting lines) indicate
the continuity and transition of research themes across time. The width of each flow is proportional to the number of articles
in which the linked terms co-occurred, demonstrating how research focus has shifted or evolved over the years
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The advantage of using paracrine factors over MSCs
is that they have immunosuppressive properties without
posing the same oncogenic risk.

Based on the results of the bibliometric analysis, it
can be assumed that future research in the field of cell
technologies, particularly MSCs for regenerative me-
dicine, will focus on identifying the most bioactive pa-
racrine and trophic factors, determining their chemical
structure and functional properties, and subsequently
developing pharmaceutical preparations with regenera-
tive bioactivity.

CONCLUSION

For the first time in Russian scientific literature, a
bibliometric approach has been applied to quantitatively
analyze global patterns and trends in MSC-based re-
search for the treatment of liver diseases.

The findings show that during the period from 2008 to
2024, there was a consistent annual increase in research
activity (including clinical studies), with two peaks in
publication output observed in 2015 and 2021.

It was also established that research articles on MSCs
in the context of liver disease treatment are primarily
published in highly rated, specialized journals, and au-
thored by researchers working in countries with strong
scientific capacity, mainly China, the United States,
South Korea, Japan, Iran, Germany, and others, where
a high level of international collaboration is consistently
observed.

The analysis of keyword frequency across different
time intervals made it possible to identify both scientific
patterns and emerging practical trends in the develop-
ment of MSC isolation and application technologies.

During the early period (2008-2012), studies were
largely exploratory and focused on the biological po-
tential and therapeutic benefits of MSCs in treating liver
fibrosis and cirrhosis as a form of cell therapy. The rare
use of terms such as apoptosis, regenerative medicine,
inflammation, and gene therapy — as well as the com-
plete absence of keywords like exosomes, extracellular
vesicles, oxidative stress, conditioned medium, immu-
nomodulation, and tissue engineering — reflect a lack of
understanding at that time regarding both the paracrine
mechanisms of MSC action and the methods required to
prolong their viability in vivo through tissue engineering
strategies.

The 2013-2016 period (second period) is characte-
rized by the rapid development of tissue engineering
methods and active research into the mechanisms of
MSC therapeutic action. During this time, attention shif-
ted toward MSCs from different sources (bone marrow,
adipose tissue, umbilical cord blood, etc.) and their role
in apoptosis, with the release of paracrine and trophic
factors that exert therapeutic effects.

The 2017-2020 (third period) and 2021-2024 (fourth
period) periods are marked by further intensification in

the study of MSC mechanisms, particularly the influence
of their paracrine and trophic factors — exosomes, extra-
cellular vesicles, growth factors, various RNAs, etc. —on
restoring immune homeostasis (inflammation control,
immunomodulation, immunosuppression) and structu-
ral-functional homeostasis in the liver (regeneration of
hepatocytes and hepatic stellate cells, and activation of
antifibrotic processes).

The next phase of research will apparently be directed
at identifying the most bioactive paracrine and trophic
factors, determining their chemical structure and biolo-
gical properties, and manufacturing chemotherapeutic
drugs with bioactive properties.

The bibliometric approach presented in this study
can serve as a universal analytical tool for identifying
developmental trends in emerging areas of biomedical
research and may be effectively used in writing disser-
tation research.

The authors declare no conflict of interest.
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