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Abstract

Introduction: lonizing radiation (IR) - induced oxidative stress and inflammation in the brain represent a significant
global challenge, contributing to the molecular mechanisms underlying brain tissue damage and neurovascular disruption.

Objective: This bibliometric analysis aims to evaluate the findings of studies investigating IR-induced oxidative stress
and inflammation in the brain.

Search Strategy: Utilizing the Scopus and Web of Science (WOS) databases, we analyzed 524 articles, including 404
research articles and 120 review articles.

Results: Our results reveal a notable rise in research activity, reflecting increased awareness of this critical issue. The
"International Journal of Radiation Biology" and the "International Journal of Molecular Sciences" emerged as the most
prolific journals, playing pivotal roles in disseminating relevant findings. The United States, China, Egypt and India were
identified as leading contributors, with institutions in Egypt and United States making significant impacts through high
publication volumes. Kim J. and Tang F. emerged as notable authors in the field. Conclusions: Insights from this work are
essential for shaping future research directions and enhancing our understanding of the underlying mechanisms, which are
vital for developing protective and therapeutic strategies to mitigate radiation exposure's effects.

Keywords: ionizing radiation; brain; oxidative stress; inflammation.

For citation:

Iztleuov M., Iztleuov Ye., Smagulova G., Sakhanova S., Saparbaev S., Abugaliyeva N. Mapping the Research
Landscape: lonizing Radiation-Induced Oxidative Stress and Inflammation in the Brain — A Bibliometric Analysis // Nauka i
Zdravookhranenie [Science & Healthcare]. 2025. Vol.27 (5), pp. 169-182. doi 10.34689/SH.2025.27.5.021

Pestome

KAPTUPOBAHME UCCINEQOBATEJILCKOIOo JJIAHAOWA®TA:
OKUCHNUTENbHbLIA CTPECC U BOCNAJIEHME B rOJIOBHOM MO3rE,
BbI3BBAHHbIE MOHU3UPYIOLLUUM U3NTYHYEHUEM -
BUBNIMOMETPUYECKUN AHANIN3

Mapar UaTneyos1, http://orcid.org/0000-0001-5857-6131
Ep6onar UaTtneyos1, http://orcid.org/0000-0002-5303-8593
Fasmusa Cmarynosa, http://orcid.org/0000-0001-7222-620X
CeetnaHa CaxaHoBal, http://orcid.org/0000-0001-9786-6326
Camar Canap6aes?, http://orcid.org/0000-0002-9570-4240
Hasepke A6yranmesa, http://orcid.org/0009-0009-9721-7006

13anagHo-KasaxcTaHCKuin MeauUMHCKUMIA YHUBepcuTeT umeHn MapaTta OcnaHoBa, Kachegpa
EcTecTBeHHble Hayku, r. AkTob6e, Pecny6nuka KasaxcrtaH;
2 MeauvuunHckun ueHTp Anb-[xamu, r. Actana, Pecny6nuka KaszaxctaH.

BeepeHue: VoHusupylowee nsnyydenue (W), nHOyumMpytoLlee OKACIUTENbHBIA CTPECC W BOCManeHWe B ronoBHOM
Mo3re, npeactaBnsieT cobon 3HauuTenbHyt rnobanbHylo npobnemy, Cnoco6CTBYIOWYI0 MONEKYNSAPHLIM MexaHu3Mam
NOBPEXAEHNS MO3rOBON TKaHU 1 HAPYLLIEHWIO HEMPOBACKYNSPHON (hYHKLMK.
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Lenb: [aHHbin GUONMOMETPUYECKMIA aHamM3 HampaBfieH Ha OLEHKY pesynbTaToB WCCHedoBaHWi, MOCBALLEHHbIX
BMMsHMIO VIV Ha pa3BuTIE OKUCAIMTENBHOMO CTPECCa U BOCTaNeHns B MO3Te.

Crparerus noucka: C ucnonb3oBaHnem 6a3 gaHHbix Scopus u Web of Science (WOS) 6bino npoaHanuaupoBaHo 524
cTatby, Bkmoyas 404 opuriHanbHbIx uccnegoBans u 120 0630pHbIx cTaTen.

PesynbTatbl: Haww pesynbTaTbl BbISIBUAW 3aMETHbIA POCT  MCCNELOBaTENbCKOM aKTMBHOCTM, UTO OTpaxaeT
BO3pacTaroLee BHUMaHWe K AaHHon npobrneme. XypHans! International Journal of Radiation Biology u International Journal
of Molecular Sciences okasanucb Hambornee nNPOOYKTMBHBIMA W WUIpaloT KIKOYEBYO POMb B PaCcrpoCTPaHEHWUM
COOTBETCTBYHILLMX HaY4HbIX AaHHbIX. CoeanHéHHble LTatkl, Kutait, Erunet n MHans onpeaeneHbl kak BeQylume CTpaHbl-
yyacTHUKW, npu aToM yupexaeHus Erunta u CLUA BHecnu 3HauuTenbHbId Bknap Onarogapsi BbICOKOMY KOMWUYECTBY
nybnukaumin. Cpeou aTopoB Beigenstotes Kim J. u Tang F.

BiiBogb!I: [MonyyeHHble BbIBOALI UMEKOT BaXXHOE 3HAYeHMe A5 PopMupoBaHus GyayLLmx HanpaBneHnin MCCnesoBaHuil
W yrnybneHnst MOHMMaHMS OCHOBHbIX MEXaHW3MOB, YTO KPUTUYECKM BaXHO ANsi pa3paboTky 3alUUTHbIX U TepaneBTUYECKMX
CTpaTeruii N0 CHKEHWO NOCNEACTBUI BO3AENCTBUS paguaLm.

Knrouesble croga: UOHU3UPYOUiEe U3fTy4eHuUe; M032; OKUCTUMENbHbIL CMpecc; 80cnaseHue.

Ans yumupoeaHus:

Wamneyos M., Mamneyos E., Cmaeynosa I., CaxaHosa C., Canapbaes C., Abyeanuesa H. KapTuposaHwue
nccnenoBaTenbekoro naHawadTa: OKUCAMTENbHbIA CTPECC M BOCMAneHWe B rOIOBHOM MO3Te, BbI3BaHHbIE VOHM3VPYHOLLMM
nsnyyenmem - 6GubrmomeTpuyeckun awanu3 /| Hayka u 3gpasooxpaHeHue. 2025. Vol.27 (5), C.169-182. doi
10.34689/SH.2025.27.5.021
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Kipicne: VoHgaywel cayneneHy (AC) - Muaa ToTbIFy Kyi3enici MeH KabbiHyabl TyAblpagbl, MU TiHiHIH, 3aKbIMAAHYbI MEH
HenpoBackynsapsbik Oy3binbiCTapablH, MOMEKyNanblk, MexaHu3MAepiHe biknan eTeTiH eneyni xanaHablk Macene 6ombin
Tabbinagsl.

3eptTey Makcatbl: byn 6ubnvomeTpusanbik, Tangay Muga cayneneHymiH, aCcepiHeH OaMUTbIH TOTbIFy KyM3enici MeH
KaObIHY Typanbl 3epTTereH XyMbICTapablH, HaTWxXenepiH 6aranayra barbiTTanFaH.

3eptTey apictepi: Scopus xaHe Web of Science (WOS) nepektep kopnapbiH MaipanaHa oTbipbin, bapnbirbl 524
Makana TangaHabl, OHblH, iliHae 404 TynHycka 3epTTey xaHe 120 wony Makananapsl.

Hatuxenepi: Hatwxenep 3epTreynep ©OenceHginiriHiv, alTapnbikTal eCKeHIH KepceTTi, Oyn  MaceneHiH,
MaHbI3ObINbIFbIHA AETeH HasaphblH, apTKaHbIH bingipegi. International Journal of Radiation Biology xaHe International
Journal of Molecular Sciences ypHanaapbl eH, eHiMai GacbinbiMgap peTiHAe aHbiKTangbl XoHe Madbi3gbl FbirbiMu
AepekTepai TapaTyaa xeTekwi pen atkapagbl. AKLL, Kbitai, EruneT xoHe YHAICTaH XeTekLwi enfep peTiHae epekweneHai,
onapablH iwiHae Ervnet neH AKLU mekemenepi ofapbl XapusnaHbiMaapbiMeH anTapnbikTal ynec kocTbl. ABTOpnap
apacbiHga Kim J. xaHe Tang F. en, 6enceHgi 3epTreyLinep peTiHae atangbl.

KopbITbIHABI: Byn XyMbiCTbIH, HaTWxenepi bonawak 3epTrey OarbiTTapbiH aliKbIHAAY XaHe Heriari MexaHW3MAepai
TEpPeHipeK TyCiHydi KamTamacbl3 €Ty yLWiH MaHbl3gbl, an Oyn paguauus aCepiH alanTyra apHanFaH KOpFaHbIl XoHe
Tepanusanblik CTpaTernanapasl asipneyae Wwewywli MaHre ue.
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Introduction

lonizing radiation (IR) is a type of radiation with energy
sufficient to overcome the bonding forces holding tightly
bound electrons in their respective orbitals around the
nuclei of atoms and molecules, causing the atoms to lose or
gain electrons, thus becoming charged ions or free radicals.
In biological organisms, ionization exerts its effects through
two primary mechanisms: direct and indirect [44]. Direct
ionization damages cellular molecules by breaking chemical
bonds, leading to DNA strand breaks [5]. Indirect effects
arise when radiation interacts with water molecules within
cells, producing reactive oxygen species (ROS) via water
radiolysis, which can damage DNA, proteins, and lipids [67],
ultimately leading to cellular dysfunction, DNA mutations,
and cell death [36]. The biological consequences of
radiation exposure depend on several factors, including
radiation type, dose rate, exposure duration, and tissue
radiosensitivity [28].

The discovery of X-rays by Wilhelm Conrad Rdntgen
(November 8, 1895), radioactivity by Antoine Henri
Becquerel (1896) and the free electron by Joseph John
Thomson (1897) were pivotal events that revolutionized
science at the end 19th century, profoundly influencing the
development of physics, chemistry and medicine, while
laying the groundwork for future scientific discoveries and
advances. These breakthroughs significantly expanded
scientific and medical knowledge, marking a milestone in
the progress of their respective fields [45]. However, the
advent of nuclear technology has also been associated with
catastrophic events, including the bombings of Hiroshima
and Nagasaki (Japan, 1945), accidents at Kyshtym (Russia,
then USSR, 1957), Windscale Piles (United Kingdom,
1957), Three Mile Island (USA, 1979), Chernobyl (Ukraine,
then USSR, 1986), and Fukushima (Japan, 2011) [23].In
Kazakhstan, the Semipalatinsk nuclear test site saw 456
nuclear explosions, including 111 atmospheric tests (86 in
the air and 25 on the surface), between 1949 and 1962 [6].
These events have had profound consequences, including
genomic instability, increased incidence of cancers and
non-cancerous diseases, and population decline [35, 24,
22]. Currently, there are 411 nuclear power plants operating
worldwide to meet growing energy demands, which does
not exclude the possibility of future nuclear incidents [30].

The use of IR in industry (sterilization, materials testing),
medical procedures (X-rays, computed tomography), and
oncology (radiation therapy) has expanded significantly over
the last decade [21, 55]. The International Commission on
Radiological Protection (ICRP) has established a threshold
dose of 0,5 Gy for cardiovascular and cerebrovascular
diseases. However, clinical studies in neuroradiology and
radiotherapy indicate that this threshold is frequently exceeded
during medical interventions, Highlighting the need for research
on the cumulative effects of repeated radiation exposure on
patients and healthcare workers [52]. Research indicates that
radiation doses exceeding > 0.5 Gy cause brain damage, while
doses between 0 and 0.5 Gy do not exclude the possibility of
developing neurocognitive and neurodegenerative diseases
[48], necessitating further detailed investigation.

Under normal physiological conditions, ROS are
primarily generated in cells by the mitochondrial electron
transport chain and NADPH oxidases, playing critical roles
in energy metabolism and immune defense, maintaining

vital cellular functions [7]. Cells have endogenous
antioxidant systems, including superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx),
which effectively neutralize ROS, maintaining their levels
within physiological norms and preventing cellular and
tissue damage [31]. In pathological conditions, oxidative
stress is defined as an imbalance between the excessive
production of ROS and the cell's ability to neutralize them
through its antioxidant defense mechanisms. As a result,
oxidative stress disrupts redox signaling processes [9],
which contributes to the development of diseases such as
atherosclerosis [66] and neurodegenerative disorders,
including Parkinson's disease and Alzheimer's disease [33].
Oxidative stress also triggers lipid peroxidation, damaging
polyunsaturated fatty acids (PUFAs) in cell membranes,
leading to compromised cellular integrity and function [69].

The body’s protection is supported not only by
endogenous antioxidants but also by the inflammatory
response. Inflammation is a defensive reaction of the
immune system aimed at eliminating the cause of damage,
clearing away damaged cells, and initiating the healing
process. However, an excessive inflammatory response,
despite its protective and beneficial role, can lead to
increased ROS production, tissue damage, and the
progression of disease. Oxidative stress, lipid peroxidation,
and neuroinflammation are central to the development of
neurodegenerative diseases. Globally, the incidence of
neurological disorders ranges from 10 to 15 cases per
100,000 people annually [53]. Furthermore, oxidative stress
stimulates the production of pro-inflammatory cytokines,
such as interleukins, interferons, and growth factors [1].

The brain, in turn, consumes 20% of the body's total
oxygen and 25% of its glucose supply [19], while PUFAs
account for approximately 35% of the brain's total lipids
[49]. Compared to other organs, the brain is unique due to
its high PUFA content, low levels of endogenous
antioxidants, and increased sensitivity to oxygen
deprivation, making it particularly vulnerable to oxidative
stress [50]. Modern radiology does not plase sufficient
emphasis on the cerebrovascular network, despite its
crucial role in oxygen transport and brain metabolism.
Secondary damage caused by oxidative stress is directly
linked to the inflammatory process, which leads to
neurovascular  network. [4]. Radiation induces
neuropathological changes in the brain [26], leading to
subsequent neurological and neuropsychological disorders
[8], including neuroinflammation [59], neurovascular
dysfunction, blood-brain barrier (BBB) disruption, synaptic
impairment, neuronal death [43], and impaired
neurogenesis. These effects ultimately contribute to
cognitive decline [61] and neurodegenerative diseases [56].

In academic literature, numerous bibliometric analyses
cover various aspects, including radiotherapy, diagnostics,
treatment methods, primary and metastatic brain cancer, and
radionecrosis [65]; studies examining the relationship between
oxidative stress and cognitive impairments (chemobrain)
associated with cancer treatment, particularly chemotherapy
[40]; and the biological effects of radiation exposure below 100
mSv [46]. Unlike previous bibliometric analyses, which primarily
focus on cancer treatment and cognitive impairments, our study
provides a more targeted and in-depth investigation of specific
processes. Specifically, our analysis examines publications
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from various countries and journals, exploring how IR induces
oxidative stress and subsequent neuroinflammation, while
detailing the molecular and cellular mechanisms involved.
Additionally, we evaluate global publication trends,
collaboration networks, and influential contributors in this field.

The aim of our analysis is to comprehensive assess the
impact of IR on oxidative stress and inflammation in the
brain, exploring their roles in cognitive and cerebrovascular
impairments and neurodegenerative  diseases. By
identifying current trends and knowledge gaps, this study
seeks to guide future research and advance understanding
of these critical processes.

Search Strategy. On December 30, 2024, we
conducted a bibliometric analysis examining the effects of

Database:
Scopus
wWos

Initial search:
(Scopus n=1210) (WOS n=462)

Only English documents
(Scopus n=1144) (WOS n=457)

(n=1052)
(n= 448)

A 2
Bibliometric analysis
(n=524)

IR on oxidative processes and neuroinflammation in the
brain. This analysis involved a comprehensive search of the
Scopus and Web of Science (WOS) databases. Inclusion
criteria were restricted to original and review articles
primarily available in English, while proceeding papers,
book chapters, and editorial materials were excluded. Using
advanced search parameters, we conducted an exhaustive
query of both databases and downloaded all relevant
bibliographic metadata in BibTeX and text formats. The
collected data were then exported into RStudio as an Excel
file. Figure 1 presents a flowchart depicting the complete
search strategy employed for data collection. Articles
deemed irrelevant based on their titles, abstracts, and full-
text content were systematically excluded.

Other language documents
(Scopus n=66) (WOS n=5)

Other document types
(Scopus n=92) (WOS n=9)

Unrelated title or abstract
(n=656)

Figure 1. The flow chart depicting the selection process of research and review articles for a bibliometric
analysis on the effects of IR on oxidative stress and neuroinflammation in the brain.

Bibliometric Analyses

In this investigation, we conducted performance
analysis and science mapping utilizing the bibliometric
package (version 4.1.3) and Biblioshiny web applications
within RStudio (RStudio 2023.09.1+494, PBC, Boston, MA).
The analysis covered a period of 58 years for English-
language research articles and 43 years for English-
language review articles, focusing on key bibliometric
indicators such as citation and publication counts, prolific
institutions and authors, and international collaborations.

Results

Search results

Initially, 1210 papers from Scopus and 462 from WOS
were collected for a comprehensive examination of the
impact of IR on oxidative stress and neuroinflammation in
the brain. After applying eligibility criteria and excluding 656
unsuitable studies, a total of 524 papers were deemed
suitable for this bibliometric analysis (Figure 1).

Key attributes of the encompassed studies

This bibliometric analysis aims to examine global research
findings on IR-induced oxidative stress and neuroinflammation
in the brain. In total, 524 research and review articles were
identified and analyzed. The dataset included 404 research
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articles, involving 2008 authors, sourced from 246 documents.
Similarly, the 120 review articles featured contributions from
536 authors, originating from 94 sources. On average, these
research articles received 31.32 citations per document, while
the review articles had a higher citation impact, averaging 81.5
citations per document. Table 1, "Most Globally Cited
Documents," presents the 10 most frequently cited research
and review articles. The publication growth rate over the study
period was calculated using the annual growth rate. In this
research domain, the growth rate for research articles was
determined to be 6.04%, while review articles exhibited a
notably lower growth rate of 3.28%. Additionally, an analysis of
research articles revealed a total of 10617 references and 956
author keywords. In contrast, review articles contained 6062
references and 386 author keywords.

Trend of publication and citation

Interest in studying IR, oxidative stress, and
neuroinflammation in the brain emerged at the end of the
20th century. Between 1966 and 1986, the number of
English language research publications on this topic was at
its lowest, with only 8 studies conducted. However, with the
advancement of innovative technologies in the 21st century,
the demand for research on the effects of IR has increased
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Table 1. Ranking of the Top 10 most cited research and review publications worldwide on the effects of IR on
oxidative processes and neuroinflammation in the brain.

Ran- (Study Title of the document Journal name DOI Total
king |references citations
Research articles
1 Monje M.L. et al.|Inflammatory ~ blockade restores  adult|Science 10.1126/science.10 |2081
(2003) [42] hippocampal neurogenesis 88417
2 Hong J.H. et al.|Induction of acute phase gene expression by|International Journal of|10.1016/0360- 317
(1995) [29] brain irradiation Radiation Oncology*  |3016(95)00279-8
3 Cronk J.C. et al.|Peripherally derived macrophages can engraft|Journal of Experimental|{10.1084/jem.201802 {275
(2018) [12] the brain independent of irradiation and maintain|Medicine 47
an identity distinct from microglia 10.1038/srep42928
4 Wood K.A. et al.|The role of free radicals and p53 in neuron|Journal of Neuroscience [10.1523/JNEUROSC |218
(1995) [64] apoptosis in vivo 1.15-08-05851.1995
5 |Clark P.J. et al.|Intact neurogenesis is required for benefits of[Neuroscience 10.1016/j.neuroscie {202
(2008) [11] exercise on spatial memory but not motor nce.2008.06.051
performance or contextual fear conditioning in
C57BL/6J mice
6 Hwang S.Y. et|lonizing radiation induces astrocyte gliosis|Neurobiology of disease |10.1016/j.nbd.2005. |186
al. (2006) [32] |through microglia activation 08.006
7 Lee W.H., Wood|Irradiation  induces  regionally  specific|International journal of|10.3109/095530009 |153
KA. et al.alterations in pro-inflammatory environments|radiation biology 03419346
(2010) [39] in rat brain
8 Kyrkanides S. et|TNFa and IL-1B mediate intercellular|Journal 0f|10.1016/S0165- 142
al. (1999) [37] |adhesion molecule-1 induction via microglia—|neuroimmunology 5728(98)00270-7
astrocyte interaction in CNS radiation injury
9 Kyrkanides S. et|Cyclooxygenase-2 modulates brain|Molecular Brain{10.1016/S0169- 140
al. (2002) [38] |inflammation-related gene expression in|Research 328X(02)00353-4
central nervous system radiation injury
10 |Daroczi, B. et al.|ln vivo radioprotection by the fullerene|Clinical Cancer|10.1158/1078- 135
(2006) [13] nanoparticle DF-1 as assessed in a zebrafish|Research 0432.CCR-06-0514
model
Review articles
1 Galano A. et al.|Melatonin as a natural ally against oxidative|Journal ~ of  pineal|{10.1111/j.1600- 1040
(2011) [17] stress: a physicochemical examination research 079X.2011.00916.x
2 Stewart F.A. et|ICRP publication 118: ICRP statement on|Annals of the ICRP 10.1016/j.icrp.2012. {1025
al. (2012) [58] |tissue reactions and early and late effects of 02.001
radiation in normal tissues and organs—
threshold doses for tissue reactions in a
radiation protection context
3 Chen X. et al.|Oxidative stress in  neurodegenerative|Neural regeneration|10.3969/j.issn.1673- |515
(2012) [10] diseases research 5374.2012.05.009
4 |Tofilon P.J. etal.|The radioresponse of the central nervous|Radiation research 10.1667/0033- 459
(2000) [60] system: a dynamic process 7587(2000)153[035
7:TROTCNJ2.0.CO;
2
5 |Garcia J.J. et al.|Protective effects of melatonin in reducing|Journal ~ of  pineal|{10.1111/jpi.12128 |424
(2014) [18] oxidative stress and in preserving the fluidity research
of biological membranes: a review
6 Shiloh Y. et al.|Ataxia-telangiectasia and the Nijmegen|Annual  review  of|10.1146/annurev.ge [409
(1997) [54] breakage syndrome: related disorders but|genetics net.31.1.635
genes apart
7 |Wells P.G. et al.|Oxidative stress in developmental origins of|Toxicological sciences [10.1093/toxsci/kfn2 363
(2009) [63] disease: teratogenesis, neurodevelopmental 63
deficits, and cancer
8 Hajam Y.A. et|Oxidative stress in human pathology and aging:|Cells 10.3390/cells11030 {351
al. (2022) [20]  |molecular mechanisms and perspectives 552
9 McKinnon P.J.|DNA repair deficiency and neurological|Nature Reviews|10.1038/nrm2559  |248
et al. (2009) [41] |disease Johnson K. J. et al. (2014) Neuroscience
10  [Holley AK. et al.|Manganese superoxide dismutase: guardian|international journal of|10.3390/jms121071 {240
(2011) [27] of the powerhouse molecular sciences 14
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significantly. Notably, the highest number of publications
was recorded in 2024 (n = 30) and in 2020 (n = 28) (Figure
2A). When examining the trend in average annual citations,
a significant increase in total citations per article was
observed in 2003, peaking at 10.17 citations per study
(Figure 2B).

From 1981 to 2024, there was a steady increase in the
number of review articles exploring the effects of IR on
oxidative stress and neuroinflammation in the brain. The
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Citations

period between 1981 and 2001 had the lowest rate of
scientific publications, with only 5 studies released.
Conversely, the highest number of publications was
observed in 2022 (n=15) and 2021 (n=14), as depicted in
Figure 2C. When analyzing trends in average annual
citations within the same timeframe, the total number of
citations peaked in 2012 at 24.66 and has since declined
(Figure 2D).

Research Articles
'3 12

Citations

Figure 2. Global annual trends in (A) research article publications and (B) citations, as well as (C) review article
publications and (D) citations, in the field of IR's impact on oxidative processes and neuroinflammation in the brain.

Most relevant affiliations

The Egyptian Atomic Energy Authority (EAEA) and the
National Center for Radiation Research and Technology
secured the top position among the leading ten institutions
publishing the highest number of research articles on the
effects of IR on oxidative stress and neuroinflammation in
the brain, each contributing 33 articles. Closely following
are the Egyptian Atomic Energy Authority (EAEA) and
University of California System, ranking second and third,
with 24 and 19 articles, respectively.

In our examination of review articles within this research
domain, University of California System stands out as the
most prolific institution, contributing 9 articles. Additionally,
National University of Singapore and Stanford University
each contributed significantly, publishing five articles
respectively, demonstrating notable research productivity.

Most Productive Authors and Their Collaboration
Network

During our examination of the effects of IR on oxidative
stress and neuroinflammation in the brain, we analyzed the
number of publications authored by various researchers.

Among the top contributing researchers in terms of
published research articles, Kim J., Li Y., Limoli C. and
Zhang Y. rank as the most prolific authors, each
demonstrating a stable research trajectory with eight
articles published consistently from 2004 to 2024. Similarly,
Deng Y., Fike J., Kim S., Ma H., and Wang X. have each
published seven articles, sustaining high productivity. Tang
F. ranks first among the most influential authors of review
articles, having published five articles between 2017 and
2022. Following closely behind, Marazziti D. has authored
four review articles from 2012 to 2020, placing them in
second place in terms of publication volume. Baroni S.,
Costes S., Fike J., Loganovsky K., and Ren B. have each
published three articles, placing them third among the
leading authors. The ongoing contributions of these authors
highlight their significant impact and continued engagement
in advancing research within their respective fields.

Most Productive Journals

Among the leading journals contributing a significant
portion of the total publications in this research domain, the
"International Journal of Radiation Biology" has the highest
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number of research articles, with 22 publications. It is
followed by "Radiation Research” and "International Journal
of Molecular sciences”, which have published 15 and 14
research articles.

Regarding review articles, the "International Journal of
Molecular Sciences" is the most prolific journal, with seven
published review articles. Following this, "Cells", “Frontiers
in Oncology”, “International Journal of Radiation Biology”,
“Medical Hypotheses”, “Neuroscience and Biobehavioral
Reviews” and “Radiation Research” are the second most
productive journals, each with three review articles.
Additionally, “Cancers”, “Clinical Neuropsychiatry” and
“CNS and Neurological Disorders — Drug Targets” have
each published two review articles, making them the third
most productive journals.

World Research Production and Collaborations

Figure 3A illustrates the most significant scholarly
contributions from 76 known international collaborations,
focusing on published research articles examining the
impact of IR on oxidative processes and neuroinflammation
in the brain. In terms of international cooperation and
leading contributions, the United States (n=29), China
(n=13), and Germany (n=9) rank first, second, and third
among the top 10 countries. Figure 6A also presents that
collaborative efforts between China and United States, as
well as between Canada and United States, each occurred
five times. In contrast, the highest collaboration was
observed between the China and Singapore, as well as
between the Egypt and Saudi Arabia, with three instances
in each case.

Research Articles

@

china

usa

Review Articles

e aNig

Figure 3. (A) World collaboration map provides a visual representation of international collaborations in publishing
research articles, highlighting the global scope of studies on the effects of IR on oxidative stress and
neuroinflammation in the brain. Figure 3. (B) World collaboration map illustrates collaboration networks between
countries in publishing review articles, summarizing research on the same topic. The thickness of the connecting
arrows indicates the strength of collaboration between countries.
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Figure 3B highlights 39 notable international
collaborations related to review articles on the influence of
IR on oxidative stress and neuroinflammation in the brain.
Our analysis identified USA (n=10), China (n=10) and India
(n=9) as the leading contributors in terms of scholarly
output. Figure 6B emphasizes that the strongest
collaboration occurred between China and Singapore, with
4 instances of joint publications.

Upon analyzing the most cited countries in research
and review articles, our findings indicate that the United
States holds the top position, with articles authored by US-
based researchers receiving the highest average citation
counts - 6318 citations for research articles and 2521
citations for review articles. Furthermore, China ranks
second, with 829 citations for research articles, followed by
India with 726 citations. For review articles, Mexico and
Canada are among the most highly cited, with 1040 and
974 citations, respectively, highlighting their significant
contributions to the academic discourse on the effects of IR
on oxidative processes and neuroinflammation. These
results underscore extensive global collaboration and
notable expertise, fostering a deeper understanding of the

A bibliometric analysis further reveals the scientific
productivity of various countries. The USA leads in both
research and review articles, with 233 and 68 publications,
respectively, demonstrating its significant contributions to the
field. It is followed by China, which has published 130 research
articles and 25 review articles, indicating its active research
engagement. Egypt ranks third with 90 research articles, while
India has published 16 review articles, showcasing strong
academic performance. These findings highlight the
prominence of these countries in scientific research on IR-
related oxidative stress and neurocinflammation.

TreeMap

Figure 4A presents a TreeMap visualization depiction
the top 20 author keywords most frequently used in
research articles on [R-induced oxidative stress and
neuroinflammation in the brain. The analysis revealed that
the keywords ‘“ionizing radiation” (30%) and “oxidative
stress” (13%) were the most commonly applied in this
research domain.

Similarly, Figure 4B provides a TreeMap visualization
illustrating the top 20 author keywords frequently
encountered in review articles within this field. The most

interplay ~ between IR,  oxidative stress and  recurrent keywords were ‘ionizing radiation” (21%) and
neuroinflammation. “neuroinflammation” (13%).
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Figure 4. TreeMap representing the top twenty authors' keywords commonly found in research (A) and review
articles (B) related to the influence of IR on oxidative stress and neuroinflammation in the brain.
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Discussion

Given the growing publication trend on the effects of IR
in inducing oxidative stress and neuroinflammation in the
brain since 1966, it is evident that this topic remains a
critical issue in scientific research, yet to be fully resolved.
Of the total 524 review and research articles analyzed, 239
research papers and 87 review articles were published in
the last decade, accounting for 62,2% of all publications.
This trend suggests that the effects of IR on oxidative stress
and neuroinflammation in the brain will remain a subject of
interest, with the number of related studies likely to increase
in the coming years.

Among the contributing countries, the United States
holds the leading position, having published 301 articles in
this field. These findings highlight the significant scientific
contribution of American researchers, reaffirming the
country's role as a major source of scientific literature,
particularly in peer-reviewed scientific journals. China
follows with 155 articles, demonstrating its active
participation in this area of study. This surge in radiology-
related publications reflects the country's growing
investment in nuclear energy for peaceful purposes.

Egypt ranks third, contributing 90 research articles.
Notably, institutions such as the Egyptian Atomic Energy
Authority (EAEA), the National Center for Radiation
Research and Technology and the Egyptian Knowledge
Bank (EKB) have collectively published 90 research papers,
securing the first, second and third positions in terms of
institutional contributions. This highlights Egypt's significant
commitment to scientific progress in this field.

Based on the publications included in the bibliometric
analysis, a positive correlation has been identified between
exposure to IR at various doses and the risk of developing
neurological disorders. Despite extensive research efforts,
the molecular mechanisms underlying this association
remain insufficiently understood. The INWORKS study
demonstrated a increased risk of mortality from "mental
disorders" following radiation exposure, while data from
Mayak workers indicated a statistically significant elevation
in the risk of Parkinson's disease. Additionally, there is a
documented link between low to moderate doses of chronic
radiation exposure and an elevated risk of dementia,
Alzheimer's disease, and Parkinson's disease. Alzheimer's
disease is characterized by intracellular accumulation of
beta-amyloid and neurofibrillary tangles, accompanied by
oxidative stress, inflammation, apoptosis and neuronal
necrosis. In contrast, the pathogenesis of Parkinson's
disease involves the degeneration of dopaminergic neurons
in the substantia nigra and other neuronal structures, as
well as the formation of cytoplasmic inclusions containing
ubiquitinated proteins (Lewy bodies) within neurons [57]. A
synthesis of study results, based on 13 relevant studies
involving over 276 000 participants, has provided limited
evidence of a decline in overall cognitive functions
worldwide after exposure to low to moderate doses of IR
[47]. Ahmad's studies indicate that radiation-exposed
workers exhibited elevated levels of superoxide (O,¢7), IL-6,
interleukin-1a (IL-1a) and macrophage inflammatory protein
1a (MIP-1a) in the moderate and high dose groups (as
classified by ICRP data) compared to both the control group
and low dose group. The biological effects of IR are induced
either directly through DNA damage or indirectly through

the generation of ROS, which account for approximately
70% of all radiation-induced biological effects. Based on the
assessment of ROS levels in the blood under conditions of
increased O,*7, it was hypothesized that lymphocytes and
erythrocytes could be the primary sources of the elevated
superoxide levels [2]. The meta-analysis results emphasize
the significant impact of low doses of IR on the dynamics of
antioxidant-oxidative stress, particularly on catalase (CAT)
and superoxide dismutase (SOD), which account for 55% of
all assessed markers. This highlights the need for continued
research to elucidate the underlying mechanisms and to
inform targeted interventions aimed at mitigating the
adverse effects of low-dose IR exposure on human health
[14]. Despite credible causal interpretations and evidence of

potential dose-response relationships suggesting the
occurrence of neurological changes after radiation
exposure, uncertainty remains regarding random or

confounding factors.

Our bibliometric study analyzes research on alterations
in particularly vulnerable regions of the brain following
radiation exposure. Exposure to IR has been shown to
induce the generation of reactive oxygen and nitrogen
species (ROS/RNS), leading to a decreased in Na, K-
ATPase activity in the cerebral cortex, while the cerebellum
demonstrates relative resistance to radiation-induced
alterations in this enzyme. Consequently, the radiation-
induced reduction in a2 and a3 isoforms results in the
relative predominance of the a1 isoform, enhancing Na*
binding efficiency by the enzyme. Contemporary theories of
primary brain dysfunction suggest that the impaired
functionality of a2 and a3 Na, K-ATPase subunits may
increase susceptibility to neurodegenerative disorders
following radiation exposure [34]. Studies on animal models
have demonstrated that exposure to a 9 Gy dose
significantly decreased the activities of SOD, CAT, and
glutathione reductase, and also increased the levels of
malondialdehyde (MDA) and carbonyl proteins in the
tissues of the cerebellum and cerebral cortex, indicating
pronounced oxidative stress. Additionally, changes in
neurotransmitter levels, enhanced inflammatory and
apoptotic responses, accumulation of amyloid plaques, and
reduced brain electrical activity were observed [3].

The keyword "hippocampus" appears multiple times,
highlighting its relevance as a key area for further research.
The study demonstrated that the hippocampal response to IR
suggests a neuroprotective effect at the lowest whole-body
exposure dose (0.063 Gy), as it activated the CREB pathway
and exhibited anti-inflammatory properties by reducing the
number of activated microglia. In contrast, after two years,
exposure to 0.5 Gy led to an increase in inflammation and
oxidative stress markers, along with CREB deactivation,
indicating a shift toward neurodegeneration [25]. Radiation-
induced oxidative stress, inflammation and apoptosis in the
brain are hypothesized to be associated with the
dysregulation of the Nrf2/HO-1/NF-kB signaling pathway. As
evidence of oxidative and inflammatory damage, results of
study demonstrated that post-irradiation, the activity of key
antioxidant enzymes, including CAT, SOD, glutathione
peroxidase (GSH-Px), glutathione (GSH), and glutathione
reductase (GSR), as well as the expression of nuclear factor
erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1
(HO-1), were significantly reduced and levels of MDA, nitric
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oxide (NO), interleukin-1B (IL-1B), IL-6, transforming growth
factor-B1 (TGF-B1), and nuclear factor-kB (NF-kB) protein
were markedly elevated. Furthermore, B-cell lymphoma 2
(Bcl-2) expression was downregulated, while Bcl-2-
associated X protein (Bax) and tumor necrosis factor-alpha
(TNF-a) expression were significantly upregulated, along with
an increase in caspase-3-positive cells in the hippocampus,
confirming the activation of apoptotic pathways. These
findings suggest that radiation disrupts the Nrf2/HO-1/NF-kB
axis, leading to impaired antioxidant defense, sustained
neuroinflammation, and apoptotic neuronal loss, highlighting
the potential of targeting this pathway for neuroprotection in
radiation-induced brain injury [70]. Studies have also shown
that excessive oxidative stress activates NF-kB, a key
regulator of inflammatory and immune responses, as well as
the Nrf2/heme oxygenase-1 (Nrf2/HO-1) signaling pathway,
which plays a crucial role as an endogenous antioxidant
defense mechanism. These pathways play a crucial role in
modulating inflammatory, antioxidant, and anti-apoptotic
processes, making them potential therapeutic targets for
diseases associated with oxidative stress and inflammation.
In response to y-radiation exposure, the study results
demonstrated a significant increase in the levels of
neuroinflammatory mediators IL-6, NF-kB, and GFAP (p <
0.001), along with a marked reduction in the anti-
inflammatory marker IL-10. Radiation exposure inhibited the
expression of Nrf2 and HO-1 proteins and genes by
promoting ROS activation—key mediators of radiation-
induced damage—thereby inducing apoptosis and triggering
multiple inflammatory factors. Apoptosis is regulated by the
caspase signaling cascade, and this study revealed a
significant upregulation of caspase-3 expression, whereas the
expression of the anti-apoptotic marker Bcl-2 was markedly
decreased in the IR group compared to the control group.
Histological analysis confirmed these findings: y-radiation
exposure in rats led to severe degeneration of cortical
neurons, neuronal apoptosis, pronounced perivascular
edema, and vascular congestion in the brain. Additionally, the
hippocampus exhibited signs of cellular disorganization,
shrinkage of large pyramidal neurons with hyperchromatic
nuclei, and prominent vacuolation in the granular cell layers
[15].

The results also show that both single (5 Gy) and
fractionated (10 Gy) exposure to ionizing radiation lead to
impairments in spatial memory, reduced motor activity, and
cognitive dysfunction. It is suggested that radiation-induced
damage, manifested as edema and necrosis of the dentate
gyrus (DG) in the hippocampus, may contribute to cognitive
decline. Post-irradiation, a significant decrease in BDNF
and Tau gene expression was observed, potentially
promoting neurodegenerative processes. Under normal
conditions, Tau protein plays a crucial role in the formation
and stabilization of microtubules; however, its abnormal
phosphorylation disrupts tubulin  binding, leading to
cognitive impairment. The results demonstrated a
substantial downregulation of genes associated with
neuronal function, including calcium ion transport
regulation, neurotransmitter secretion, and neuronal
differentiation, which may further exacerbate cognitive
deficits. Concurrently, an upregulation of genes involved in
inflammatory and immune responses, such as monocyte
and lymphocyte chemotaxis, angiogenesis, and chemokine-

mediated signaling pathways, highlights the pivotal role of
neuroinflammation in the pathogenesis of radiation-induced
cognitive dysfunction. Furthermore, the results of the study
confirms that ionizing radiation-induced brain damage is
driven by oxidative stress, DNA strand breaks, and
apoptosis, as evidenced by the downregulation of key
antioxidant genes (Nrf2, HO-1, Keap1) and the upregulation
of p21. The regulation of genes associated with p53-
dependent apoptosis (bax, bcl2, caspase3) underscores the
critical role of programmed cell death in radiation-induced
neurotoxicity [51].

Exposure to 7 Gy of brain irradiation resulted in significant
cognitive and emotional dysfunctions, including impaired
contextual fear memory and depression-like behavior in mice.
A reduction in the number of immature neurons, indicating
impaired proliferation of neural stem cells and adult
hippocampal neurogenesis, may contribute to the cognitive
and emotional disturbances observed after irradiation. Further
analysis revealed that cranial irradiation disrupted the
hippocampal neurogenic microenvironment, characterized by
increased  oxidative stress and  neuroinflammation.
Antioxidant defense markers, including SOD, GSH-Px and
CAT, were significantly decreased, while GSH levels declined
and MDA levels increased, indicating oxidative damage.
Additionally, hippocampal levels of pro-inflammatory
cytokines IL-6, TNF-q, and IL-17A were significantly elevated,
whereas the anti-inflammatory cytokine IL-4 was markedly
reduced. These findings suggest that radiation-induced
cognitive and emotional dysfunctions may be linked to
disruptions in hippocampal neurogenesis and a pro-
inflammatory shift in the neurogenic microenvironment [62].
There is also evidence suggesting that whole-body irradiation
of rats at a dose of 4 Gy induces oxidative stress,
inflammation, and apoptosis. This is demonstrated by a
significant increase in pro-inflammatory cytokines (IL-18, IL-6,
TNF-a) and C-reactive protein, accompanied by a concurrent
decrease in IL-10 levels. Additionally, elevated MDA levels,
along with reduced activity of SOD, CAT, GSH-Px and GSH,
indicate  impaired  antioxidant defense mechanisms.
Immunohistochemical analysis further revealed a marked
upregulation of caspase-3 and p53, highlighting enhanced
apoptotic activity in the brains of irradiated rats [16].

In rats exposed to 15 Gy of radiation, the expression
levels of NOX2, NOX4, and caspase-3 were significantly
increased compared to the control group (p < 0.001). The key
mediators of the oxidative system include NADPH oxidases
(NOX), cyclooxygenase-2 (COX-2), inducible nitric oxide
synthase (iNOS), mitochondria, and antioxidant defense
enzymes. Among the NADPH oxidase subgroups, NOX2 and
NOX4 play a critical role in radiation-induced oxidative stress.
lonizing radiation-induced oxidative stress, DNA damage, and
genomic instability trigger the activation and upregulation of
these enzymes. The release of pro-inflammatory and pro-
fibrotic cytokines, along with the activation of endothelial cells,
fibroblasts, macrophages, neutrophils, and lymphocytes, can
enhance the expression and activity of NOX2 and NOX4,
leading to excessive ROS production and the development of
oxidative stress. Excessive ROS production can suppress
antioxidant defense enzymes, compromise vascular integrity,
and disrupt the cerebral microcirculation, leading to hypoxia
and necrosis of normal brain tissue. MDA and NO levels were
significantly increased in the brains of rats exposed to
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radiation compared to the control (p < 0.001), whereas CAT,
SOD, and GSH-Px levels were markedly reduced in the
irradiated group (p < 0.01). These findings highlight the role of
NOX-mediated oxidative stress in radiation-induced brain
damage and emphasize the need for further investigation into
potential neuroprotective strategies [68].

In our bibliometric study, we explored various aspects of
radiology, oxidative stress and neuroinflammation of the
brain. Our analysis covered topics such as radiation-induced
brain damage across different dose levels, alterations in
neurogenesis due to prenatal and postnatal radiation
exposure, oxidative stress mechanisms in the brain and the
roles of pro-inflammatory and anti-inflammatory cytokines. All
data were sourced from the WOS and Scopus databases.
Despite our comprehensive analysis, several unresolved
challenges persist in this field. One of the primary obstacles is
the transition from experimental studies to clinical
applications, which is complicated by factors such as
environmental influences, dietary habits and physical and
psychological conditions. These variables can lead to
inconsistencies and hinder the accuracy of research findings.
Our bibliometric approach, based on empirical data from
published articles, focused on metadata analysis, including
information about authors, institutions and countries, to
evaluate research productivity and collaboration. However,
we did not perform a textual content analysis. Additionally,
only full-text articles in English were included in our study,
while publications with abstracts in English and those
published in other languages were excluded.

Conclusions

International collaboration in research on the effects of IR
on oxidative stress and neurcinflammation in the brain is
essential for develop advanced strategies to prevent and treat
radiation-induced health complications. This bibliometric
analysis offers comprehensive qualitative and quantitative
insights into key contributing countries, leading authors,
institutions, scientific journals and global collaboration trends in
radiology. Our results highlight the substantial contributions of
the United States, Egypt, China and India, underscoring their
leading roles in this research field. Furthermore, the
involvement of regions with prior radiation exposure further
emphasizes the global significance of this issue.

Over the past decade, there has been a notable surge in
research on  IR-induced  oxidatve stress and
neuroinflammation, reflecting its growing importance in
understanding the broader implications of radiation exposure.
Despite persistent knowledge gaps regarding the effects of IR,
our analysis provides valuable insights that can help shape
future research directions. Given the increasing evidence of
IR's detrimental impact on brain health, it is crucial for future
studies to adopts a multidisciplinary approach, integrating
radiology, neuroscience and molecular biology. This integration
will be key to developing targeted therapeutic strategies and
protective measures. This comprehensive review serves as a
foundation for advancing our understanding of IR's effects on
brain health, guiding future research priorities and informing
clinical practice to mitigate radiation-induced neurotoxicity.
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