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ABSTRACT
Objective: Radiation-induced DNA damage activates multiple cellular stress response 
pathways, including those associated with the ABL1 gene. This study investigated 
whether boric acid administration alters ABL1 gene expression following high-dose total 
body irradiation (TBI) in Swiss albino mice.
Methods: Seventy-two Swiss albino mice were allocated into control, radiotherapy 
(RT), boric acid (30, 100, or 300 mg/kg), and combined boric acid plus radiotherapy 
groups. Total body irradiation was delivered as a single 8 Gy dose on day 0. Boric acid 
was administered orally once daily, beginning two days prior to irradiation and continued 
until sacrifice on day 2 or day 6 post-irradiation. ABL1 gene expression levels were 
quantified by real-time polymerase chain reaction (RT-PCR), normalized to beta-actin 
(ACTB), and calculated using the 2⁻ΔΔCt method.
Results: ABL1 gene expression was elevated in irradiated groups compared with 
controls. A statistically significant increase was observed in the group receiving 100 mg/
kg boric acid combined with RT on day 2 (p < 0.050). Although other treatment groups 
also demonstrated increased ABL1 expression, these differences were not statistically 
significant, which may be attributable to inter-individual variability.
Conclusion: Boric acid appears to modulate radiation-induced alterations in ABL1 
gene expression in a dose- and time-dependent manner. The observed effects were more 
pronounced during the early post-irradiation period, suggesting a potential influence of 
boric acid on early molecular responses to radiation exposure.
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Main Points

•	 Boric acid administration modulated ABL1 gene 
expression in irradiated mice in a dose- and time-
dependent manner.

•	 A statistically significant increase in ABL1 expression 
was observed only in the 100 mg/kg boric acid + 
radiotherapy group on day 2 post-irradiation.

•	 The effect of boric acid on ABL1 expression was more 
prominent in the early period after radiation exposure.

•	 These findings suggest that boric acid may influence 
early molecular stress responses following high-dose 
radiation.

INTRODUCTION
Ionizing radiation exerts its biological effects primarily through 
the induction of DNA damage and the generation of reactive 
oxygen species, leading to oxidative stress within the cell. These 
events trigger a complex network of intracellular signaling 
pathways responsible for DNA repair, cell cycle regulation, 
and programmed cell death. The coordinated activation of these 
mechanisms is critical for maintaining cellular integrity after 
radiation exposure, whereas disruption of this balance may result 
in acute toxicity as well as delayed tissue damage [1,2].

Among the proteins involved in the cellular response to 
genotoxic stress, ABL1 is a ubiquitously expressed non-receptor 
tyrosine kinase that plays a role in DNA damage signaling. 
Previous studies have demonstrated that ABL1 is responsive to 
ionizing radiation and participates in pathways that influence cell 
survival, apoptosis, and repair processes [3,4]. Changes in ABL1 
expression or activity have been linked to altered radiosensitivity, 
suggesting that this molecule may reflect radiation-induced 
molecular disturbances at the cellular level [5,6].

High-dose total body irradiation (TBI) is commonly employed 
in experimental models to investigate systemic radiation effects. 
Exposure to TBI results in widespread alterations in gene 
expression, particularly in pathways related to stress responses 
and DNA repair mechanisms [7,8]. Importantly, radiation-
induced molecular responses are not static and may be modified 
by external factors, including pharmacological agents or 
nutritional supplements [9].

Boric acid, a naturally occurring boron-containing compound, 
has gained increasing interest due to its reported antioxidant 
and cytoprotective effects. While boron compounds have been 
evaluated in different experimental and clinical settings, data 
regarding their potential role in modulating radiation-induced 
molecular changes remain limited [10–12]. In particular, the 
effect of boric acid on genes directly involved in DNA damage 
signaling, such as ABL1, has not been clearly elucidated. 
Moreover, information on dose-related and time-dependent 
responses to boric acid following high-dose radiation exposure 
is scarce [13,14].

Therefore, the present study was designed to investigate the 
effects of varying doses of boric acid on ABL1 gene expression 
in Swiss albino mice subjected to 8 Gy total body irradiation. By 
assessing gene expression at both early and later time points after 
irradiation, this study aims to contribute to a better understanding 
of the potential modulatory role of boric acid in radiation-induced 
molecular responses.

MATERIALS AND METHODS
All experimental procedures were approved by the Local Animal 
Care and Use Committee of Gazi University Faculty of Medicine 
(Decision No: G.Ü.ET-26.002, dated January 21, 2026) and 
were carried out in accordance with national and international 
guidelines for the care and use of laboratory animals.

Animals and Experimental Design
This study was conducted using 72 Swiss albino mice. Animals 
were randomly allocated into control, radiotherapy (RT), boric 
acid-treated, and boric acid plus radiotherapy groups. The day of 
irradiation was designated as day 0. In the combined treatment 
groups, animals were further divided into two subgroups, with 
half sacrificed on day 2 and the remaining half on day 6 following 
irradiation.

Total Body Irradiation
Total body irradiation was administered to conscious mice 
placed in well-ventilated acrylic cages, each housing six animals. 
Irradiation procedures were performed using a GE Saturne 43 
linear accelerator (General Electric Medical Systems, Buc, 
France). A single dose of 8 Gy was delivered as total body 
irradiation using 6 MV photon X-rays, with a source-to-surface 
distance of 100 cm.
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Boric Acid Treatment
Boric acid of pharmaceutical grade (Merck; EMSURE ACS, 
ISO; CAS No: 10,043–35–3) was administered by oral gavage 
at doses of 30 mg/kg, 100 mg/kg, or 300 mg/kg, corresponding 
to low (b), medium (B), and high-dose (BB) treatment groups, 
respectively. Treatments were initiated two days prior to 
irradiation (day −2) and continued once daily until the time of 
sacrifice. A fixed volume of 0.2 mL was administered per dose. 
Mice in the control and RT-only groups received an equivalent 
volume of distilled water.

RNA Isolation and RT-PCR Analysis
Total RNA was extracted from intracardiac blood samples 
using a column-based extraction method in accordance with 
the manufacturer’s instructions (GeneAll Hybrid-R™ RNA 
extraction kit). Complementary DNA (cDNA) was synthesized 
from isolated RNA samples, followed by quantitative RT-PCR 
analysis using a SYBR Green-based detection system (Roche 
Diagnostics GmbH, Mannheim, Germany  ) on a QuantStudio™5 
real-time PCR platform (Applied Biosystems, Thermo Fisher 
Scientific, Waltham, MA, USA).

ABL1 was analyzed as the target gene, while ACTB served as 
the endogenous reference gene. Primer sequences used in the 

study are shown in Table 1. PCR reactions were performed using 
a SYBR Green master mix, and each sample was analyzed in 
duplicate. Relative expression levels were calculated using the 
2⁻ΔΔCt method, with the control group sacrificed on day 6 used as 
the reference group [15]. The control group sacrificed on day 6 
was used as the calibrator for all comparative analyses.

Statistical Analysis
Statistical analyses were performed using standard statistical 
software. ΔCt values were used for all statistical comparisons. 
Data are presented as mean ± standard deviation (SD). 
Comparisons between each experimental group and the control 
group were conducted using the independent-samples t-test. A 
p-value of less than 0.05 was considered statistically significant.

RESULTS
ABL1 Gene Expression
Changes in ABL1 gene expression following high-dose total 
body irradiation and boric acid administration were evaluated by 
quantitative real-time PCR analysis. ABL1 gene expression levels 
are presented in Table 2. The relative ABL1 gene expression 
levels in the experimental groups are presented in Figure 1.

Table 1. Primer sequences used for quantitative real-time PCR

Gene Primer Sequence (5′–3′) Reference

ABL1 Forward AGCCACTTCGGATTTAGTTGAA [15]

Reverse GCAACCGGCTTGCATGT

ACTB Forward CCTCCCTGGAGAAGAGCTATG [16]

Reverse TTACGGATGTCAACGTCACAC

Table 2. Relative ABL1 Gene Expression Levels

Group Fold Change (2⁻ΔΔCt, Mean ± SD) p

RT (2 days) 20.58 ± 27.95 0.070

RT (6 days) 6.10 ± 4.66 0.154

bRT (2 days) 1.17 ± 1.11 0.668

bRT (6 days) 11.35 ± 16.87 0.090

BRT (2 days) 5.83 ± 4.62 0.038*

BRT (6 days) 4.22 ± 3.37 0.760

BBRT (2 days) 8.98 ± 10.17 0.946

BBRT (6 days) 21.31 ± 34.73 0.191

* p < 0.050 compared with control group.
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In the radiotherapy (RT) group, ABL1 expression was increased 
on day 2 compared with the control group, although this increase 
did not reach statistical significance (p = 0.070). By day 6, ABL1 
expression in the RT group decreased relative to day 2.

In the low-dose boric acid plus radiotherapy group (bRT), ABL1 
expression on day 2 was comparable to control levels. On day 
6, a slight increase in expression was observed; however, this 
change was not statistically significant (p = 0.090).

In the medium-dose boric acid plus radiotherapy group (BRT), 
ABL1 expression was significantly increased on day 2 compared 
with the control group (p < 0.050). By day 6, expression levels 
decreased and were not significantly different from control 
values.

In the high-dose boric acid plus radiotherapy group (BBRT), 
ABL1 expression showed high inter-individual variability at both 
time points. Although increased fold changes were observed in 
some samples, these differences were not statistically significant.

DISCUSSION
The present study investigated the effects of radiotherapy alone 
and radiotherapy combined with varying doses of boric acid on 
ABL1 gene expression at early and late time points following 

irradiation. The results demonstrate that ABL1 expression is 
influenced by both post-irradiation time and boric acid dose, 
indicating a potential modulatory effect of boric acid on radiation-
induced cellular signaling pathways.

Ionizing radiation induces DNA double-strand breaks and 
activates DNA damage sensors, including ataxia telangiectasia 
mutated (ATM) kinase [17,18]. ATM activation triggers 
downstream signaling cascades involved in cell-cycle arrest, 
DNA repair, and apoptosis, predominantly through p53-
dependent pathways. Targeting key components of the DNA 
damage response, such as ATM or poly (ADP-ribose) polymerase 
(PARP), has been shown to enhance radiosensitivity by impairing 
DNA repair mechanisms and promoting cell death [19,20].

ABL1 is recognized as an important mediator in genotoxic stress 
responses and apoptotic regulation [21]. Although it is not a 
core DNA damage response kinase such as ATM or poly (ADP-
ribose) polymerase (PARP), ABL1 can be activated following 
DNA damage and interact with p53 family members, particularly 
p73, thereby contributing to apoptosis under conditions of severe 
genomic stress [21]. Previous studies have shown that ABL1 
activation may enhance p53-dependent apoptotic signaling and 
increase apoptosis-related molecular responses following DNA 
damage [22].

In the radiotherapy-only groups, ABL1 expression exhibited 
a transient increase at day 2 post-irradiation, followed by a 
decrease at day 6. This pattern likely reflects an acute response 
to radiation-induced DNA damage, followed by partial recovery 
through DNA repair processes and/or elimination of highly 
damaged cells via apoptosis. Similar temporal expression 
patterns have been reported for other DNA damage response-
related genes, supporting an early activation phase followed by a 
decline during recovery [23,24].

When radiotherapy was combined with boric acid, distinct dose-
dependent expression profiles were observed. In the low-dose 
boric acid plus radiotherapy group, ABL1 expression at the early 
time point remained close to control levels. This suggests that low-
dose boric acid does not substantially modify radiation-induced 
activation of DNA damage signaling pathways. This observation 
is consistent with reports indicating that low concentrations of 
boron compounds may exert antioxidant or stabilizing effects, 
potentially attenuating stress-responsive gene activation [25].

Figure 1. Relative ABL1 gene expression levels in the 
radiotherapy (RT), low-dose boric acid plus radiotherapy (bRT), 
medium-dose boric acid plus radiotherapy (BRT), and high-dose 
boric acid plus radiotherapy (BBRT) groups at 2 and 6 days post-
irradiation. Radiotherapy was defined as day 0.
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In the medium-dose boric acid plus radiotherapy group, ABL1 
expression was significantly increased at day 2 post-irradiation. 
This finding suggests that medium-dose boric acid may enhance 
early radiation-induced DNA damage signaling. One possible 
explanation is that boric acid at this concentration may increase 
oxidative or genotoxic stress, thereby amplifying activation of 
DNA damage response pathways, including ABL1 associated 
signaling [26,27]. Increased ABL1 activity may facilitate 
apoptotic signaling through interactions with p73 and other 
p53 family members, particularly when DNA damage exceeds 
cellular repair capacity. Such a shift toward apoptosis over repair 
is a well-established mechanism of radiosensitization [28,29].

By day 6, ABL1 expression in the medium-dose group decreased 
toward baseline levels, suggesting that the modulatory effect of 
boric acid is transient and predominantly confined to the early 
post-irradiation phase. This indicates a time-dependent regulatory 
influence rather than sustained gene activation. In contrast, 
high-dose boric acid combined with radiotherapy resulted in 
marked inter-individual variability in ABL1 expression at both 
time points. Although increased fold changes were observed in 
some samples, the variability precluded statistical significance. 
This heterogeneity may reflect excessive cellular stress or dose-
related toxicity, leading to divergent activation of compensatory 
survival and repair mechanisms.

Consistent with these findings, studies targeting key DNA 
damage response kinases such as ATM have demonstrated that 
inhibition of these pathways can enhance radiation-induced 
apoptosis and impair DNA repair in experimental models 
[30,31,32]. In particular, pharmacological inhibition of ATM 
has been reported to increase radiation-induced cell death and 
to promote immunomodulatory effects that may improve tumor 
control [32,33]. These observations support the concept that 
modulation of DNA damage response signaling pathways can 
significantly influence cellular radiosensitivity. Taken together, 
the results suggest that moderate modulation of DNA damage 
signaling, including pathways involving ABL1, may contribute 
to radiosensitization by favoring apoptotic responses over DNA 
repair. Nevertheless, current evidence remains insufficient to 
fully explain the mechanistic relationship between boric acid 
exposure, ABL1 activation, and radiation-induced cellular 
responses [11].

Future studies incorporating protein-level analyses of DNA 
damage response and apoptotic markers such as ATM, p53, p73, 

and caspases, as well as functional assays evaluating radiation 
sensitivity (e.g., clonogenic survival or tumor control models) 
would provide further insight into these interactions.

In conclusion, this study demonstrates that boric acid modulates 
radiation-induced ABL1 gene expression in a dose- and time-
dependent manner, with the most pronounced effect observed at 
the medium dose during the early post-irradiation period. These 
findings contribute to the understanding of boron–radiation 
interactions and provide a molecular basis for future investigations 
into the potential role of boric acid as a radiomodulatory agent.

Limitations
ABL1 expression was assessed only at the mRNA level; protein 
expression and functional activity were not evaluated. In addition, 
gene expression was analyzed at limited post-irradiation time 
points, which may not fully capture the long-term molecular 
effects of boric acid following radiation exposure.

CONCLUSION
The findings of this study demonstrate that boric acid influences 
radiation-induced ABL1 gene expression in a dose- and time-
dependent manner. Radiotherapy alone induced a transient 
increase in ABL1 expression, whereas combined treatment with 
boric acid resulted in different expression patterns depending 
on dose level. The most pronounced effect was observed with 
the medium dose of boric acid, which was associated with 
increased ABL1 expression during the early post-irradiation 
period. In contrast, low-dose boric acid did not significantly 
alter ABL1 expression, while high-dose administration resulted 
in inter-individual variability in expression levels. Overall, 
the results summarize dose- and time-dependent changes in 
radiation-induced ABL1 gene expression following boric acid 
administration. The study provides molecular-level evidence 
of an association between boric acid exposure and radiation-
induced gene expression changes. Further mechanistic studies 
are required to clarify the biological relevance of these findings.
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