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In the study, the protective effects of boron against paracetamol (PR)-induced toxicity in
rat testicular tissue were investigated using various biochemical parameters. Rats were
categorized into five groups and administered 50 and 100 mg/kg of boron (sodium pentaborate)
orally for six days, followed by a single dosage of 1 g/kg of paracetamol to induce toxicity.
Testicular tissues were assessed using ELISA and levels of superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), cysteine-aspartic acid protease (Caspase-3),
malondialdehyde (MDA), reduced glutathione (GSH), tumor necrosis factor-a (TNF-a), and
interleukin-1 beta (IL-18) were assessed. A significant decrease in SOD, CAT, GPx activities
and GSH levels and an increase in MDA levels were observed in the PR group. Boron (B)
treatment was found to increase antioxidant levels while decreasing lipid peroxidation,
inflammation and apoptosis markers in paracetamol-induced testicular toxicity (p<0.001).
The study concluded that boron may be effective in alleviating paracetamol-induced testicular

damage.

1. Introduction

Paracetamol (PR, N-acetyl-p-aminophenol, APAP) is
prescribed as an analgesic for headaches, dental pain,
infections, neuralgia, myalgia, rheumatic pain, ear and
sinus infections, surgical procedures, and traumas,
as well as an antipyretic [1]. At therapeutic doses,
APAP is primarily metabolized via glucuronidation and
sulfation. A smaller fraction is converted by cytochrome
P450 enzymes into the toxic metabolite N-acetyl-p-
benzoquinone imine (NAPQI). The NAPQI formed
is then reduced by reduced glutathione (GSH) into a
non-toxic, soluble mercapturic acid and excreted in
the urine. However, in cases of paracetamol overdose,
glutathione reserves are depleted and the accumulated
NAPQI is not effectively removed. NAPQI is covalently
bound to proteins, lipids, DNA, and other important
macromolecules. Additionally, it has been reported
that the NAPQI metabolite oxidizes sulfhydryl groups,
disrupting the structure of proteins regulating Ca**
metabolism [2,3]. The toxic effects of NAPQI further
exacerbate toxicity by increasing the production of
reactive oxygen species (ROS), which lead to cell
damage and inflammation. Although paracetamol
is considered safe enough for use even in children,
excessive or extended dosages of paracetamol can
induce toxicity in organs such as the liver, kidneys,
and testes, adversely affecting blood chemistry and
fertility [4-6]. Exposure to potentially hazardous and
therapeutic compounds in the environment might
cause testicular tissue damage. The process of

spermatogenesis includes various mechanisms that
can be disrupted by toxic influences, leading to both
functional and structural damage to sperm cells, as well
as potential disturbances in the pituitary-hypothalamic
and sex hormone balance. In the testes, Leydig cells,
Sertoli cells, and germ cells are particularly vulnerable
to toxic effects [7]. Massive amounts of paracetamol
were reported to act on the male reproductive
system by altering semen quality, specifically sperm
morphology, thus affecting fertility. PR was assumed
to limit testosterone synthesis, cause oxidative
stress, stimulate spermatocyte death, diminish nitric
oxide production, and inhibit prostaglandin synthesis
[8]. Therapeutic approaches to such poisonings
have recently become a focus of research and
development. Researchers in the field of alternative
medicine have placed great emphasis on minerals
and herbal medicines. Boron and its derivatives have
been used in many areas, from medicine to industry,
since ancient times. Boron has recently been utilized
in multiple health fields, facilitating new avenues for
research with significant promise [2].

Boron is a crucial element found in nature in about
230 forms as crystal salts with sodium, magnesium,
calcium, and as boric acid and various borate
compounds (e.g., boric acid, borax). Borates are
predominantly found in soil, rock, and water sources
[9,10]. The importance of boron and its compounds
is increasingly recognized in both health and science
disciplines due to their detailed studies and economic
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value. Boron is essential for living organisms [11,12]
and has been found to affect the metabolism of certain
bioelements (Ca and P) [13,14] hormones (estrogen,
testosterone, thyroid and insulin) [15], and vitamin
D [16]. Additionally, it influences the activities of
certain enzymes (aldehyde dehydrogenase, xanthine
oxidase, etc.) [11], ROS [17], lipid peroxidation [17,
18], and has been found to enhance the capacities
of other antioxidants [19]. In addition, boron and its
derivatives have been identified as inhibitors of serine
proteases, thereby contributing to various physiological
processes, including apoptosis [20]. Moreover, boron
supplementation has been reported to increase TNF-a
level and strengthen the immune system in various
animal breeds, reducing levels of inflammation
markers [15-21,22]. Other studies utilizing boric acid
or borax have also reported that boron contributes
positively to antioxidant activity, reducing DNA damage
and lowering lipid peroxidation levels [18,19]. A study
examining how B affects reproductive performance,
found that rats administered B to counteract the
harmful impacts of bisphenol A had both oxidative
stress and inflammation reduced [23]. In another
study, it was reported that B attenuates apoptosis in
cyclophosphamide-induced testicular damage due to
its antioxidant and anti-apoptotic properties [24].

In this study, its possible effects on testicular tissue
against paracetamol damage were investigated.
Limited studies exist on the effects of boron in
mitigating paracetamol-induced testicular toxicity
in rats. This study aims to examine the therapeutic
dosage of boron in testicular tissue and its role in
reproductive function, considering its antioxidant, anti-
inflammatory, and antiapoptotic capabilities identified
in prior research.

2. Materials and Methods
2.1. Materials

PR; A commercially available Parol® tablets (500 mg/
tablet, Atabay Chemical Industry, Tlrkiye) were ground
into powder using a porcelain mortar after which they
were weighed, suspended in distilled water, and
administered orally in a single dose of 1 g/kg to the
groups receiving paracetamol [5,25,26].

Sodium pentaborate (NaB,O,.5H,0) compound used
as a boron source was commercially obtained from
Kale Natural Company, Turkiye. Doses of 50-100 mg/

kg were diluted in distilled water and given to rats
orally [18,27].

The Experimental Animals Laboratory at Atatirk
University provided 35 male Sprague Dawley rats
(n=7) weighing 250 grams for this investigation. The
animals were habituated for one week under regulated
laboratory settings (temperature: 24+1°C, relative
humidity: 45%+5, and a 12-hour light/dark cycle)
before the experiment. Throughout the trial, the rats
were fed standard laboratory pellets and given free
access to water. Ethical approval for this research
was received from the Atatlrk University's Animal
Experiments Local Committee for Ethics (approval
number 114, dated 04.07.2022).

2.2. Methods

In this experiment, B and PR were administered orally
to rats via gastric gavage. A single dose of paracetamol
was administered to the rats only on the 6th day
(30 minutes after boron and physiological serum
administration). Experimental groups, treatment doses
and durations are given in Table 1. At the end of the
study, one day after the paracetamol administration
(on the 7th day), the rats were anesthetized with
mild sevoflurane, decapitated, and testicular tissue
samples were collected. Tissues were washed with
cold isotonic solution (0.9% NaCl) and stocked at
-20°C until biochemical tests were performed.

2.3. Assay of Oxidants and Antioxidants

The effects of paracetamol and boron on testicular
tissue were assessed by measuring MDA (Cat. No:
YLAOO29RA) and GSH (Cat. No: YLAO121RA) levels
and the activities of enzymatic antioxidants SOD (Cat.
No: YLAO115RA), CAT (Cat. No: YLAO123RA), and
GPx (Cat. No: YLAO119RA). All these parameters
were analyzed using YLBiont commercial ELISA kits
(Shanghai, China) based on the sandwich enzyme-
linked immunosorbent assay (ELISA) method.

2.4. Assay of Inflammation and Apoptosis

Paracetamol overdose is known to directly affect
inflammation and apoptosis markers. The effects
of inflammation and apoptosis were assessed by
measuring TNF-a (Cat. No: YLAO118RA) and IL-1(3
(Cat. No: YLAOO30RA) levels, as well as Caspase-3
(Cat. No: YLAOO17RA) activity, using ELISA kits

Table 1. Experimental groups and treatment doses

Treatment Dose Duration Drug and Chemicals
Control No drugs 6 days Physiological saline
. 6 days (saline) Physiological saline, PR on

A3 1 glig)Bel® eees) 1 day (PR) the day before sacrifice
B100 100 mg/kg/day 6 days B100

: 6 days (B100) B100,
iy B YOO eey 1 day (PR) PR on day before sacrifice

. 6 days (B50) B50,
PR+ B50  Boron: 50 mg/kg/day 1 day (PR) PR on day before sacrifice
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Table 2. MDA, GSH levels and SOD, GPx, CAT activations of boron against paracetamol toxicity in

testicular tissue

Parameter Control PR B100 PR+B50 PR+B100
MDA (nmol/g) 17.12+£0.61%# 74.73+4.11*** 20.99+1.12%# 68.78+3.73***  49.17+3.04***[##
SOD (ng/mg protein) 0.67+0.02%# 0.40+£0.01*** 0.78+£0.07%# 0.44+0.01***/**  0.61£0.01%
GSH (nmol/g) 9.84+0.26"* 7.60£0.14*** 9.40+0.26%# 7.57+0.11***/%4  8.89+0.14##
GPx (ng/g protein) 5.48+0.27## 4.15+0.06*** 4.99+0.16% 4.83+0.06 4.84+0.06
CAT (ng/g protein) 0.44+0.03%# (0.21+£0.00*** 0.23+£0.01***  0.21+0.00*** 0.224+0.00***

Statistical significance (Control vs. others: * p <0.05, ** p < 0.01, *** p < 0.001; PR vs. others: #p < 0.05, #p < 0.01, ##p
<0.001; PR+B100 vs. PR+B50: 2 p < 0.05, ** p < 0.01, *** p < 0.001) was analyzed using One Way ANOVA).

(YLBiont, Shanghai, China brand sandwich enzyme-
linked immunosorbent assay).

2.5. Statistical Analysis

The statistical analyses in this study were carried
out using SPSS software version 20.0 (IBM, USA).
Group variations and significance levels for all metrics
were assessed using a one-way analysis of variance
(ANOVA), followed by Tukey's test for post-hoc multiple
comparisons. The results are presented as mean
+ SEM. A p-value of <0.05 was judged statistically
significant.

3. Results
3.1. Level of MDA

MDA levels in testicular tissue were found to be
significantly higher in the paracetamol group than in
the control group. However, this elevated level was
significantly reduced in groups receiving both boron
dosages.

3.2. Antioxidant Enzymes and Reduced GSH

It was determined that the activity of SOD, an enzymatic
antioxidant, decreased in the PR group compared to
the control group (Table 2), and especially the 100
mg/kg dose of boron given together with paracetamol
could increase the decreased activity (p<0.001). The
GSH level of the PR group decreased compared to the
control group. It was also determined that testicular
GSH levels increased in the PR+B100 group compared
to the PR group (p<0.001). It was concluded that there
was a difference between the control group and the
compared paracetamol rat groups in the testicular
tissues examined in terms of GPx activation (p<0.001)
and that boron could increase GPx activation in the
applied groups (Table 2).

When CAT activity, an antioxidant responsible for
breaking down H,O, (hydrogen peroxide) in cellular
structures, was examined, the PR group showed a
decrease compared to the control group. However,
no significant difference was observed in the boron-
treated groups.

3.3. Analysis of Inflammatory Cytokines and
Apoptosis

When the TNF-a cytokine level was examined, the level
was significantly increased in the PR group compared
to the control group. In the boron-applied groups, the
level was significantly decreased compared to the PR
group (p<0.001). The examination of TNF-a cytokine
levels revealed a substantial rise in the PR group
compared to the control group, while a significant drop
was observed in the boron-treated groups relative to
the PR group (p<0.001).

The IL-1B level, an inflammatory cytokine, was
statistically significantly elevated in the PR group
relative to the control group (Table 3). The boron
treatment groups markedly diminished the elevation
of IL-1% levels relative to the PR toxicity group.
Caspase-3 activity in the PR group was increased
compared to the control group, and boron treatment
decreased this level (p<0.001).

4. Discussion

This study explored the effects of boron (sodium
pentaborate) in  mitigating oxidative  stress,
inflammation, and apoptosis triggered by paracetamol-
induced testicular damage in rats. Various biochemical
markers were evaluated in testicular tissue to assess
these effects.

Based on previous research, testicular damage was
induced using a 1 g/kg dose of PR, a dosage commonly

Table 3. Inflammation (TNF-a, IL-1B) levels and apoptosis (Caspase-3) activation of boron against

paracetamol toxicity in testicular tissue

Parameter Control PR B100 PR+B50 PR+B100
TNF-a (png/g) 82.23+3.30%# 135.75+£8.00*** 79.02+1.07*# 86.60+3.86"# 85.32+3.53##
IL-1B (ng/g) 33.66+0.66"* 55.68+ 3.04*** 35.69+0.88"* 47.96+0.83*** 45.07+0.74***/##

Caspase-3 (ng/g) 0.72+0.01##

0.95+£0.01***

0.70+0.01%# 0.93+0.01***  0.85+0.02***/#

Statistical significance (Control vs. others: * p < 0.05, ** p < 0.01, *** p < 0.001; PR vs. others: #p < 0.05, #p < 0.01, ##

p <0.001) was analyzed using One Way ANOVA).
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referenced in experimental models [5,25]. High doses
of paracetamol, frequently used for its analgesic and
antipyretic properties, are known to generate reactive
oxygen species (ROS), deplete antioxidant defenses,
and impair liver, kidney, and testicular function [1,28].
Oxidative stress arises when the equilibrium between
antioxidants and pro-oxidants is disrupted. Under
such conditions, antioxidant enzymes like SOD, CAT,
GSH and GPx decline in activity, whereas MDA levels,
indicative of lipid peroxidation, increase [29, 30]. GSH
serves a vital role in maintaining cellular redox balance
and shielding enzymatic antioxidants. Its depletion by
NAPQI, a toxic paracetamol metabolite, is a key driver
of tissue necrosis and apoptosis [31-33]. Experimental
findings from Muhammad et al. demonstrated that
500 mg/kg of paracetamol elevated MDA levels in rat
testicular tissue while reducing GPx and SOD activity
[34]. Other studies further reinforce that paracetamol
induces oxidative damage and compromises
antioxidant defenses [35-37].

Research on boron supplementation highlights its
contributions to bone integrity, cognitive function,
endocrine balance, mineral metabolism, inflammatory
regulation, and antioxidant mechanisms [13,38-41]. A
study evaluating borax administration (200 mg/kg for
6 days) against cyclophosphamide-induced toxicity
found that boron supplementation reduced MDA levels
while enhancing GSH content in testicular tissue [24].
Another investigation reported that although plasma
CAT and SOD activities remained unchanged in boron-
supplemented goats, glutathione reductase activity
and sperm quality improved in the treated group [42].
However, excessive boron intake has also been linked
to potential testicular toxicity in certain studies [43,44].
In the present study, paracetamol exposure led to a
notable reduction in antioxidant enzyme activity and
an increase in MDA levels, reflecting heightened
cellular damage. Pre-treatment with boron, particularly
at a dose of 100 mg/kg, exhibited a protective effect by
reversing these alterations.

Apoptosis, a programmed cell death mechanism,
is crucial for removing dysfunctional or damaged
cells and is implicated in various inflammatory,
neurodegenerative, and autoimmune disorders [45-
47]. Caspase-3, an essential apoptotic enzyme,
facilitates cytoskeletal breakdown, promoting cell
death [48]. Immune system regulators such as
TNF-a and interleukins (IL-1B, IL-2, IL-4, IL-6, IL-10)
play essential roles in host defense. However, their
excessive secretion can result in cytotoxicity, tissue
injury, and septic complications [42, 49, 50]. Testicular
cells, including Leydig, Sertoli, and germ cells, are
particularly vulnerable to environmental and toxic
stressors [37,51]. Numerous studies suggest that
boron, administered at varying concentrations, can
mitigate inflammatory and apoptotic responses in
testicular tissue [42,52].

Findings from this study demonstrate that TNF-a, IL-
1B levels, and Caspase-3 activity were significantly

increased in paracetamol-exposed testicular tissue.
However, these markers were significantly reduced in
the groups receiving boron pre-treatment at doses of
50 and 100 mg.

5. Conclusions

This study demonstrates that paracetamol
administration induces oxidative stress, inflammation,
and apoptosis in rat testicular tissue, as evidenced by
decreased SOD, CAT, GPx, and GSH levels, alongside
increased MDA, TNF-q, IL-1(, and Caspase-3 activity.
These biochemical alterations indicate heightened
lipid peroxidation, weakened antioxidant defenses,
and enhanced apoptotic activity, leading to testicular
damage.

Conversely, boron supplementation at 50 mg/kg and
100 mg/kg doses exhibited protective effects against
paracetamol-induced toxicity. Specifically, boron
pre-treatment restored antioxidant enzyme activity,
reduced oxidative stress markers, and suppressed
inflammatory cytokine levels, particularly at the 100
mg/kg dose. These findings suggest that boron may
play a crucial role in mitigating testicular toxicity
through its antioxidant, anti-inflammatory, and anti-
apoptotic properties.

While these results highlight the therapeutic potential
of boron, further investigations are necessary to
elucidate its long-term safety, optimal dosage, and
precise mechanisms of action in reproductive health.
Future studies should explore molecular pathways
involved in boron’s protective effects and evaluate its
applicability in clinical settings.

6. Acknowledgement

This work has been funded by the Ataturk University
Coordination Unit of Scientific Research Projects,
Tirkiye (project number; TAB-2022-11420).

7. Conflict of Interest
The authors have no conflict of interest.
8. Author Contribution Statement

Esra Aktas Senocak: Methodology, data analysis and
editing, visualization, and writing draft.

Necati Utlu: Methodology, project management,
sourcing, review writing and editing.

References

[1] Freo, U., Ruocco, C., Valerio, A., Scagnol, I., &
Nisoli, E. (2021). Paracetamol: A review of guideline
recommendations. Journal of Clinical Medicine, 10(15),
3420. https://doi.org/10.3390/JCM10153420

[2] James, L. P.,, Mayeux, P. R., & Hinson, J. A. (2003).
Acetaminophen-induced hepatotoxicity. Drug
Metabolism and Disposition, 31(12), 1499-1506. https://

64



Senocak E. A. and Utlu N. /BORON 10(2), 61 - 67, 2025

doi.org/10.1124/dmd.31.12.1499

[3] Prescott, L. F. (2000). Paracetamol, alcohol and the liver.
British Journal of Clinical Pharmacology, 49(4), 291-301.
https://doi.org/10.1046/j.1365-2125.2000.00167 .x

[4] Ahmed, M. B., & Khater, M. R. (2001). Evaluation of
the protective potential of Ambrosia maritima extract
on acetaminophen-induced liver damage. Journal of
Ethnopharmacology, 75(2-3), 169-174. https://doi.
org/10.1016/S0378-8741(00)00400-1

[5] EI-Maddawy, Z. K., & EI-Sayed, Y. S. (2018). Comparative
analysis of the protective effects of curcumin and
N-acetyl cysteine against paracetamol-induced hepatic,
renal, and testicular toxicity in Wistar rats. Environmental
Science and Pollution Research, 25, 3468-3479. https://
doi.org/10.1007/s11356-017-0750-3

[6] Hiragi, S., Yamada, H., Tsukamoto, T., Yoshida, K., Kondo,
N., Matsubara, T., ... & Kuroda, T. (2018). Acetaminophen
administration and the risk of acute kidney injury: A self-
controlled case series study. Clinical Epidemiology, 10,
265-276. https://doi.org/10.2147/CLEP.S158110

[7] Boekelheide, K. (2005). Mechanisms of toxic damage
to spermatogenesis. JNCI Monographs, 2005(34), 6-8.
https://doi.org/10.1093/JNCIMONOGRAPHS/LGI006

[8] Banihani, S. A. (2018). Effect of paracetamol on semen

quality.  Andrologia, 50(1). https://doi.org/10.1111/
AND.12874

[9] Bolafios, L., Lukaszewski, K., Bonilla, I., & Blevins,
D. (2004). Why boron? Plant Physiology and

Biochemistry, 42(11), 907-912. https://doi.org/10.1016/J.
PLAPHY.2004.11.002

[10] Lovatt, C. J., & Dugger, W. M. (1984). Boron. In
E. Frieden (Ed.), Biochemistry of the Essential
Ultratrace Elements (Vol. 3, pp. 389-421). https://doi.
org/10.1007/978-1-4684-4775-0_17

[11] Devirian, T. A., & Volpe, S. L. (2003). The
physiological effects of dietary boron. Critical Reviews
in Food Science and Nutrition, 43(2). https://doi.
org/10.1080/10408690390826491

[12] Nielsen, F. H. (2017). Historical and recent aspects of
boron in human and animal health. Journal of Boron,
2(3), 153-160. https://dergipark.org.tr/en/pub/boron/
issue/33625/373093

[13] Dessordi, R., Spirlandeli, A. L., Zamarioli, A., Volpon,
J. B., & Navarro, A. M. (2017). Boron supplementation
improves bone health of non-obese diabetic mice.
Journal of Trace Elements in Medicine and Biology, 39,
169-175. https://doi.org/10.1016/j.jtemb.2016.09.011

[14] Meacham, S. L., Taper, L. J., & Volpe, S. L. (1994).
Effects of boron supplementation on bone mineral
density and dietary, blood, and urinary calcium,
phosphorus, magnesium, and boron in female athletes.
Environmental Health Perspectives, 102(suppl 7), 79-
82. https://doi.org/10.1289/EHP.94102S779

[15] Armstrong, T. A., Spears, J. W., & Lloyd, K. E. (2001).
Inflammatory response, growth, and thyroid hormone
concentrations are affected by long-term boron
supplementationingilts. Journal of Animal Science, 79(6),
1549-1556. https://doi.org/10.2527/2001.7961549x

[16] Uluisik, I., Karakaya, H. C., & Koc, A. (2018). The
importance of boron in biological systems. Journal of
Trace Elements in Medicine and Biology, 45, 156-162.
https://doi.org/10.1016/J.JTEMB.2017.10.008

[17] Turkez, H., Geyikoglu, F., Tatar, A., Keles, S., & Ozkan, A.
(2007). Effects of some boron compounds on peripheral
human blood. Zeitschrift fir Naturforschung C, 62(11-
12), 889-896. https://doi.org/10.1515/znc-2007-11-1218

[18] Ince, S., Kucukkurt, I., Cigerci, I. H., Fidan, A. F., &
Eryavuz, A. (2010). The effects of dietary boric acid and
borax supplementation on lipid peroxidation, antioxidant
activity, and DNA damage in rats. Journal of Trace
Elements in Medicine and Biology, 24(3), 161-164.
https://doi.org/10.1016/j.jtemb.2010.01.003

[19] Kucukkurt, I., Ince, S., Demirel, H. H., Turkmen, R.,
Akbel, E., & Celik, Y. (2015). The effects of boron on
arsenic-induced lipid peroxidation and antioxidant
status in male and female rats. Journal of Biochemical
and Molecular Toxicology, 29(12), 564-571. https://doi.
org/10.1002/jbt.21729

[20] Smoum, R., Rubinstein, A., Dembitsky, V. M., & Srebnik,
M. (2012). Boron containing compounds as protease
inhibitors. Chemical Reviews, 112(7), 4156-4220.
https://doi.org/10.1021/cr608202m

[21]Fry, R. S., Brown Jr, T. T, Lloyd, K. E., Hansen, S. L.,
Legleiter, L. R., Robarge, W. P., & Spears, J. W. (2011).
Effect of dietary boron on physiological responses in
growing steers inoculated with bovine herpesvirus type-
1. Research in Veterinary Science, 90(1), 78-83. https://
doi.org/10.1016/J.RVSC.2010.04.016

[22] Comba, B., Oto, G., Mis, L., Ozdemir, H., & Comba, A.
(2016). Effects of borax on inflammation, haematological
parameters and total oxidant-antioxidant status in rats
applied 3-methylcholanthrene. Kafkas Universitesi
Veteriner Fakliltesi Dergisi, 22(4). https://doi.
org/10.9775/kvfd.2016.15001

[23] Acaroz, U., Ince, S., Arslan-Acaroz, D., Gurler, Z.,
Demirel, H. H., Kucukkurt, I., ... & Zhu, K. (2019).
Bisphenol-A induced oxidative stress, inflammatory
gene expression, and metabolic and histopathological
changes in male Wistar albino rats: Protective role of
boron. Toxicology Research, 8(2), 262-269. https://doi.
org/10.1039/C8TX00312B

[24] Cengiz, M., Sahinturk, V., Cetik Yildiz, S., Kulcanay
Sahin, ., Bilici, N., Onur Yaman, S., ... & Ayhanci, A.
(2020). Cyclophosphamide induced oxidative stress,
lipid peroxidation, apoptosis and histopathological
changes in rats: Protective role of boron. Journal of
Trace Elements in Medicine and Biology, 62, 126574.
https://doi.org/10.1016/j.jtemb.2020.126574

[25] Aba, P. E., Ozioko, I. E., Udem, N. D., & Udem, S. C.
(2014). Some biochemical and haematological changes
in rats pretreated with aqueous stem bark extract of
Lophira lanceolata and intoxicated with paracetamol
(acetaminophen). Journal of Complementary and
Integrative  Medicine, 11(4), 273-277. https://doi.
org/10.1515/jcim-2014-0007

[26] Ucar, F., Taslipinar, M. Y., Alp, B. F., Aydin, I., Aydin,
F. N., Agilli, M., ... & Ozcan, A. (2013). The effects of
N-acetylcysteine and ozone therapy on oxidative

65



Senocak E. A. and Utlu N./ BORON 10(2), 61 - 67, 2025

stress and inflammation in acetaminophen-induced
nephrotoxicity model. Renal Failure, 35(5), 640-647.
https://doi.org/10.3109/0886022X.2013.780530

[27]Ince, S., Keles, H., Erdogan, M., Hazman, O., &
Kucukkurt, 1. (2012). Protective effect of boric acid
against carbon tetrachloride—induced hepatotoxicity in
mice. Drug and Chemical Toxicology, 35(3), 285-292.
https://doi.org/10.3109/01480545.2011.607825

[28] Abdel-Zaher, A. O., Abdel-Rahman, M. M., Hafez, M. M.,
& Omran, F. M. (2007). Role of nitric oxide and reduced
glutathione in the protective effects of aminoguanidine,
gadolinium chloride and oleanolic acid against
acetaminophen-induced hepatic and renal damage.
Toxicology, 234(1-2), 124-134. https://doi.org/10.1016/j.
tox.2007.02.014

[29] Basaran, N., Duydu, Y., Bacanli, M., Anlar, H. G., Dilsiz,
S. A, Ustiindag, A., ... & Bolt, H. M. (2020). Evaluation
of oxidative stress and immune parameters of boron
exposed males and females. Food and Chemical
Toxicology, 142, 111488. https://doi.org/10.1016/j.
fct.2020.111488

[30] Salem, G. A., Shaban, A., Diab, H. A., Elsaghayer, W.
A., Mjedib, M. D., Hnesh, A. M., & Sahu, R. P. (2018).
Phoenix dactylifera protects against oxidative stress
and hepatic injury induced by paracetamol intoxication
in rats. Biomedicine & Pharmacotherapy, 104, 366-374.
https://doi.org/10.1016/j.biopha.2018.05.049

[31] Masson, M. J., Collins, L. A., Carpenter, L. D., Graf,
M. L., Ryan, P. M., Bourdi, M., & Pohl, L. R. (2010).
Pathologic role of stressed-induced glucocorticoids
in drug-induced liver injury in mice. Biochemical and
Biophysical Research Communications, 397(3), 453-
458. https://doi.org/10.1016/j.bbrc.2010.05.126

[32] Ozkaya, O., Genc, G., Bek, K., & Sullu, Y. (2010). Acase
of acetaminophen (paracetamol) causing renal failure
without liver damage in a child and review of literature.
Renal Failure, 32(9), 1125-1127. https://doi.org/10.3109
/0886022X.2010.509830

[33] Sundari, K., Karthik, D., llavenil, S., Kaleeswaran,
B., Srigopalram, S., & Ravikumar, S. (2013).
Hepatoprotective and proteomic mechanism of
Sphaeranthus indicus in paracetamol induced
hepatotoxicity in Wistar rats. Food Bioscience, 1, 57-65.
https://doi.org/10.1016/j.fbio.2013.03.004

[34] Mohammed, H. O., & Sabry, R. M. (2020). The
possible role of curcumin against changes caused by
paracetamol in testis of adult albino rat (histological,
immunohistochemical and biochemical study). Egyptian
Journal of Histology, 43(3), 819-834. htitps://doi.
org/10.21608/EJH.2019.18599.1189

[35] Diab, K. A., Fahmy, M. A, Hassan, E. M., Hassan, Z. M.,
Omara, E. A., & Abdel-Samie, N. S. (2020). Inhibitory
activity of black mulberry (Morus nigra) extract against
testicular, liverand kidney toxicity induced by paracetamol
in mice. Molecular Biology Reports, 47(3), 1733-1749.
https://doi.org/10.1007/s11033-020-05265-1

[36] Khayyat, L. I. (2021). Extra virgin olive oil protects
the testis and blood from the toxicity of paracetamol
(overdose) in adult male rats. Biology, 10(10), 1042.
https://doi.org/10.3390/BIOLOGY 10101042

[37] Aksu, E. H., Ozkaraca, M., Kandemir, F. M., Omiir,
A. D., Eldutar, E., Kigukler, S., & Comakli, S. (2016).
Mitigation of paracetamol-induced reproductive damage
by chrysin in male rats via reducing oxidative stress.
Andrologia, 48(10), 1145-1154. https://doi.org/10.1111/
AND.12553

[38] Kucukkurt, I.,Akbel, E.,Karabag, F., &Ince, S.(2015). The
effects of dietary boron compounds in supplemented diet
on hormonal activity and some biochemical parameters
in rats. Toxicology and Industrial Health, 31(3), 255-260.
https://doi.org/10.1177/0748233712469648

[39] Hakki, S. S., Malkoc, S., Dundar, N., Kayis, S. A., Hakki,
E. E., Hamurcu, M., ... & Gotz, W. (2015). Dietary
boron does not affect tooth strength, micro-hardness,
and density, but affects tooth mineral composition and
alveolar bone mineral density in rabbits fed a high-
energy diet. Journal of Trace Elements in Medicine
and Biology, 29, 208-215. https://doi.org/10.1016/j.
jtemb.2014.10.007

[40]1Jin, E., Ren, M., Liu, W.,, Liang, S., Hu, Q., Gu, Y,,
& Li, S. (2017). Effect of boron on thymic cytokine
expression, hormone secretion, antioxidant functions,
cell proliferation, and apoptosis potential via the
extracellular signal-regulated kinases 1 and 2 signaling
pathway. Journal of Agricultural and Food Chemistry,
65(51), 11280-11291.  https://doi.org/10.1021/acs.
jafc.7b04069

[41] Pizzorno, L. (2015). Nothing boring about boron.
Integrative Medicine: A Clinician's Journal, 14(4), 35.
https://pmc.ncbi.nim.nih.gov/articles/PMC4712861/

[42] Krishnan, B. B., Selvaraju, S., Gowda, N. K. S,
Subramanya, K. B., Pal, D., Archana, S. S., & Bhatta,
R. (2019). Dietary boron supplementation enhances
sperm quality and immunity through influencing the
associated biochemical parameters and modulating the
genes expression at testicular tissue. Journal of Trace
Elements in Medicine and Biology, 55, 6-14. hitps://doi.
org/10.1016/J.JTEMB.2019.05.004

[43] Bustos-Obregén, E., & Olivares, C. (2012). Boron
as testicular toxicant in mice (Mus domesticus).
International Journal of Morphology, 30(3), 1106-1114.
https://doi.org/10.4067/S0717-95022012000300057

[44] Aktas, S., Kum, C., & Aksoy, M. (2020). Effects of
boric acid feeding on the oxidative stress parameters
in testes, sperm parameters and DNA damage in mice.
Journal of Trace Elements in Medicine and Biology, 58,
126447. https://doi.org/10.1016/J.JTEMB.2019.126447

[45]Su, Z., Yang, Z., Xu, Y., Chen, Y., & Yu, Q. (2015).
Apoptosis, autophagy, necroptosis, and cancer
metastasis. Molecular Cancer, 14(48), 1-14. https://doi.
org/10.1186/s12943-015-0321-5

[46] Singh, P., & Lim, B. (2022). Targeting apoptosis in
cancer. Current Oncology Reports, 24(3), 273-284.
https://doi.org/10.1007/s11912-022-01199-y

[47] Mustafa, M., Ahmad, R., Tantry, I. Q., Ahmad, W.,
Siddiqui, S., Alam, M., ... & Islam, S. (2024). Apoptosis:
A comprehensive overview of signaling pathways,
morphological changes, and physiological significance
and therapeutic implications. Cells, 13(22), 1838. https://
doi.org/10.3390/CELLS 13221838

66



Senocak E. A. and Utlu N. /BORON 10(2), 61 - 67, 2025

[48] Asadi, M., Taghizadeh, S., Kaviani, E., Vakili, O., Taheri-
Anganeh, M., Tahamtan, M., & Savardashtaki, A. (2022).
Caspase-3: Structure, function, and biotechnological
aspects. Biotechnology and Applied Biochemistry,
69(4), 1633-1645. https://doi.org/10.1002/BAB.2233

[49] Garlanda, C., Dinarello, C. A.,, & Mantovani, A.
(2013). The interleukin-1 family: Back to the future.
Immunity, 39(6), 1003-1018. https://doi.org/10.1016/j.
immuni.2013.11.010

[50] Vilgek, J., & Feldmann, M. (2004). Historical review:
Cytokines as therapeutics and targets of therapeutics.
Trends in Pharmacological Sciences, 25(4), 201-209.
https://doi.org/10.1016/j.tips.2004.02.011

[51] Ekaluo, U. B., Ikpeme, E. V., & Udokpoh, A. E. (2009).
Sperm head abnormality and mutagenic effects of
aspirin, paracetamol and caffeine containing analgesics
in rats. The Internet Journal of Toxicology, 7(1), 1-9.
https://ispub.com/IJTO/7/1/10849

[52] Acaroz, U., Ince, S., Arslan-Acaroz, D., Gurler, Z.,
Kucukkurt, 1., Demirel, H. H., ... & Zhu, K. (2018). The
ameliorative effects of boron against acrylamide-induced
oxidative stress, inflammatory response, and metabolic
changes in rats. Food and Chemical Toxicology, 118,
745-752. https://doi.org/10.1016/j.fct.2018.06.029

67



