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ABSTRACT

Climate change-induced heat waves pose significant physiological challenges to organisms, yet the sublethal
effects of acute heat stress on living organism’s health remain poorly understood. This study investigated the
effects of acute heat stress (5 and 10 minutes at an elevated temperature of 40°C) on oxidative stress markers,
locomotor function and brain sections in male Drosophila melanogaster within a duration of 2 days. Oxidative
stress was assessed by measuring malondialdehyde (MDA), superoxide dismutase (SOD), and reduced glutathione
(GSH) levels, while climbing performance was evaluated using the Rapid Iterative Negative Geotaxis (RING)
assay. Brain morphology was also examined histologically. Results showed decreases in MDA and SOD levels
across both heat-exposed groups that was not significant (p >0.05), while GSH levels decreased after 5 minutes
but increased after 10 minutes, these changes were also not significant. However, the RING assay revealed a
significant decline in climbing performance following 10 minutes of heat exposure (p < 0.05 for the control; p <
0.01 for the 5-minute group), despite the absence of significant changes in biochemical markers. Brain
micrographs from the 10-minute group showed pronounced vacuolation and neuropil disruption in the optic lobes
and central brain, correlating with the observed motor deficits. The findings of this study demonstrate that acute
heat exposure causes a decline in motor performance and alters brain histological architecture in Drosophila
melanogaster. However, no significant changes were detected in the oxidative stress biomarkers.
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INTRODUCTION beyond studies of chronic temperature shifts and static
thermal limits to understand the specific biological
consequences of realistic heatwaves and implications
on living organisms®°. As a suitable thermal stress
research model organism, Drosophila melanogaster,
allows investigating the mechanistic basis of thermal

tolerance and the impacts of climate warming'®!'!.

Anthropogenic activities such as industrial operations
and land modifications (deforestation and
urbanization) have significantly contributed to climate
change and subsequently elevated environmental
temperatures leading to severe heat waves. These

human activities have led to a marked increase in the
frequency, intensity, and duration of extreme heat
events'?3, While mean global temperature rise exerts
chronic selective pressure on biological systems, it is
the acute nature of heatwaves which are brief with
high-intensity thermal spikes that often poses the most
immediate threat to individual survival and population
perseverance*. Ectotherms specifically insects, whose
body temperature and physiological performance are
linked to ambient environmental conditions,>° thus,
the vulnerability of these organisms to acute thermal
stress carries profound implications for biodiversity’.
Consequently, there is a pressing need to move
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Studies have elucidated the critical roles of heat shock
proteins, metabolic adjustment, and cellular
membrane integrity in  surviving sub-lethal
temperature increases in this organism'>!3. However,
the vast majority of this research has employed
experimental designs involving developmental
acclimation, laboratory natural selection, or
continuous thermal ramping to determine critical
thermal maxima (CTmax)'*!>16, These models do not
replicate the disrupted and unpredictable nature of
acute heatwave exposure in the normal environment.
An organism may experience a single, acute afternoon
of extreme heat that does not immediately kill it but
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nonetheless inflicts latent, sub-lethal damage. The
specific, immediate, and delayed consequences of a
discrete, acute heat exposure onmale D.
melanogaster remain  inadequately  characterized
within a climate change basis. Therefore, the aim of
this study was to evaluate the impact of acute thermal
stress in male Drosophila melanogaster on climbing
performance, oxidative stress and histology of the
brain.

MATERIALS AND METHODS
Experimental animals

Harwich wild type strain of Drosophila melanogaster
was obtained from the Drosophila and Neurogenetics
Laboratory, Department of Zoology, Faculty of Life
Sciences, Ahmadu Bello University, Zaria, Nigeria.

Experimental design

The flies were reared on standard Corn meal diet (850
ml of distilled water, 8 g of agar, 50g of cornmeal, 10
g of Baker’s Yeast and 1 g of Nipagin)'’. The flies
were housed in cylindrical vials at a temperature of
25°C with 60% humidity. Flies were mated and
allowed to populate; a total of 270 flies were collected
3 days after eclosion. The flies were aneasthetised
using ice, according to the method described by Li et
al. 2023'3, Thirty flies were counted into respective
plastic vials each in triplicates of each group. The flies
were divided into three experimental groups (Groups
[ —1III). Group I served as control and was maintained
at 25°C on standard corn meal diet. Group II — III were
exposed to heat stress (40°C) for 5 mins and 10 mins
respectively for 2 days.

Rapid iterative negative geotaxis (RING) assay

Climbing performance was assessed following heat
shock stress exposure using the Rapid Iterative
Negative Geotaxis (RING) assay. Nine graduated
plastic vials were labeled according to their respective
experimental groups, and 20 flies were placed into
each vial of the RING apparatus. A camera was
positioned in front of the apparatus, and a timer was
set for 3 seconds. The RING apparatus was tapped
three times, and a video recording captured the flies’
climbing activity within the 3-seconds interval. This

entire procedure was repeated five times'®.

Biochemical assay

The whole bodies of flies from each plastic vial across
the three replicates of both the control and
experimental groups were anaesthetised and
homogenised in 0.1 M potassium phosphate buffer
solution (PBS), pH 7.4, at a ratio of 1:10 (flies to
volume in pl). The homogenates were then
centrifuged at 5000 rpm for 10 minutes using an
Eppendorf Legend Micro 17R Centrifuge. The
resulting supernatants were separated from the pellet,
transferred into Eppendorf tubes, and stored in a
freezer at —20°C for subsequent analysis of oxidative
stress markers.
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Malondialdehyde (MDA) assay

Lipid peroxidation was determined following the
method of Ohkawa et al® Lipid peroxidation
produces peroxide intermediates that, upon cleavage,
release MDA, a compound that reacts with
thiobarbituric acid (TBA) to form thiobarbituric acid-
reactive substances (TBARS). Accordingly, MDA
levels were quantified by measuring TBARS as
previously described®. Absorbance was measured
using a spectrophotometer at 532 nm, and the
assessment was performed with a semi-automatic
chemistry analyser (MLSBASO0).

Reduced glutathione assay

Glutathione activity was determined according to the
methods of Rajagopalan et al.?' and Ellman??. The
assay principle is based on the reaction between 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB) and reduced
glutathione (GSH). Assessment was performed using
a semi-automatic chemistry analyzer (MLSBASO0).

Superoxide dismutase

The method used to quantify superoxide dismutase
activity was based on the procedure of Misra and
Fridovich®*. The assay was performed using a
biochemical kit according to the manufacturer's
instructions.

Brain histology

Ten whole bodies of flies from each group were fixed
in 4% paraformaldehyde for 72 hours, subsequently
washed in phosphate buffer saline (PBS). The flies
were then dehydrated using ascending graded ethanol
concentration (30 %, 50%, 70%, 90% and 100%) for
10 mins respectively. The flies were subsequently
transferred in to a clearing agent (xylene) I and equal
parts of xylene II and paraffin wax for 30 mins and 90
mins respectively. Infiltration of the whole bodies
using paraffin was in 120 mins at 60°C. The flies were
then placed into melted paraffin in a stainless base
mould and their heads were aligned centrally in the
same orientation with the anterior parts facing
upwards, the flies were embedded and then were
placed on the cooled cryo-plate until the paraffin
completely solidifies, the mould was subsequently
removed and the flies were sectioned (cross section)
at 10 um serially at 10 to 12 sections of ribbons.
Ribbons were placed into a water bath at 55°C,
albumin was spread using a small paint brush on each
labelled slides and sections were fished gently.
Deparaffinization of tissue was done using xylene for
three changes, the slides were then rinsed with
absolute ethanol and then followed by 96% and 70%
ethanol, the slides were then rinsed with H,O and
transferred into Haematoxylin stain for 2 mins, slides
were rinsed twice with water and dipped in 1% acid
alcohol for 10seconds and transferred in Eosin stain
for 2 mins. The tissues were rinsed twice in water then
graded ethanol, xylene was used as a clearing agent
for just a minute. Mounting agent DPX
(Dibutylphthalate polystyrene xylene) was used and

86



Impact of Acute Thermal Stress in Male Drosophila melanogaster on Climbing Performance, Oxidative stress and Brain

Histology

tissues on slides were covered with cover slips. Slides
were viewed using an AmScope microscope and
specific sections were taken, visualised on the
respective software at magnifications of x400. This
was according to the method of Sekiya and
lijima?*with some modifications.

Data analyses

Data from the research study are presented as mean +
standard error of the mean (SEM). One-way analysis
of variance (ANOVA) was employed to compare
mean differences between and within the groups,
followed by Tukey's post-hoc test where applicable. A
p-value of less than 0.05 was regarded as statistically
significant, whereas a p-value greater than 0.05 was
considered statistically insignificant.

RESULTS

Effect of acute heat exposure on
Concentration in Drosophila melanogaster
There was a decrease in the MDA level of flies
exposed to 5 minutes heat exposure when compared
to the control, however the decrease was not
significant (p > 0.05). There was also a non-significant
decrease in the MDA levels of flies exposed to 10
minutes heat shock when compared with the control
(Figure 1).
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Figure 1: MDA concentration of male Drosophila
melanogaster exposed to acute heat (40°C)

mean + SEM, one way ANOVA, p>0.05 when compared
across the groups

Effect of acute heat exposure on SOD activity in
Drosophila melanogaster

There was a decrease in the SOD activity of flies
exposed to 5 minutes heat shock when compared with
the control. However, the result was not significant.
The decrease in the SOD activity of flies exposed to
10 minutes heat exposure when compared with the
control group was also not significant (Figure 2).
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Figure 2: SOD activity of male Drosophila melanogaster
exposed to acute heat stress (40°C)

mean + SEM, one way ANOVA, p>0.05 when compared
across the groups

Effect of acute heat exposure on
Concentration in Drosophila melanogaster
There was a non-significant decrease in the GSH
levels of the male flies exposed to 5 minutes heat
exposure when compared to the control group.
However, an increase in the GSH levels of flies
induced with 10 minutes heat exposure when
compared with the control group were also observed.
This difference was also not significant (Figure 3).

GSH

GSH (Umg)

Figure 3: GSH concentration of male Drosophila
melanogaster exposed to acute heat stress (40°C). Mean +
SEM, one way ANOVA, p>0.05 when compared across the
groups

Effect of acute heat exposure on climbing
performance in Drosophila melanogaster (RING
Assay)

There was an increase in the climbing performance of
the flies exposed to 5 minutes heat stress when
compared to the control group. However, this result
was not significant. There was also a significant
decrease (p < 0.05) in the climbing performance of the
flies exposed to 10 minutes heat stress when compared
to the control group. There was a significant decrease
(p < 0.05) in the climbing performance of the flies
exposed to 10 minutes heat stress when compared to
the climbing performance of the flies exposed to heat
stress for 5 minutes (Figure 4).
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Figure 4: RING assay percentage accuracy in male
Drosophila melanogaster exposed to acute heat stress
(40°C); mean = SEM, one way ANOVA, Tukey post hoc
test, *= p <0.05 when control group was compared to 10
mins group, and **= p <0.01 when 5 mins group was
compared to the 10 mins group.

Effect of acute heat exposure on histoarchitecture
of brain sections in Drosophila melanogaster
Histological sections of Drosophila melanogaster
brains stained with hematoxylin and eosin stain from
the three different experimental groups: Micrograph A
(Control group) shows normal, healthy brain
structure. The optic lobes (OL) appear well-defined,
and the central brain (CB) shows uniform
histoarchitecture without vacuolations. Micrograph B
(5-minutes heat stress group) also shows normal,
healthy brain structure, with obvious uniform
histoarchitecture with a very few vacuolations or
lesions. Micrograph C (10-minutes heat stress group)
shows mild changes, possibly slight vacuolation and
subtle disorganization in the neuropil, indicating
possibility of early oxidative stress and reduced
staining intensity due to prolonged heat stress (Figure
5).
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Figure 5: Histological brain sections of male Drosophila
melanogaster exposed to acute heat stress (40°C). X400
Magnification. Micrograph A: Control group, Micrograph
B: 5-minutes heat shock group and Micrograph C:
10-minutes heat stress group. OL: Optic lobe and CB:
Central Brain

DISCUSSION

Heat stress exposed flies (5-10 mins) did not show any
significant decrease (p>0.05), indicating that the 2
days exposure period and the relatively short heat
stress durations (5-10 mins) did not produce a robust
increase in lipid peroxidation in male flies A
non-significant decline after a mild, acute stressor
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may reflect upregulation of antioxidant defenses (e.g.,
superoxide dismutase, catalase, glutathione) within
the exposure period, which effectively scavenges
reactive oxygen species and reduces lipid
peroxidation below baseline in order to neutralize
reactive oxygen species (ROS) generated by the
stressors®>26:2728 - Furthermore, mild stress triggers
adaptive pathways that temporarily lower oxidative
damage markers®*°, While longer heat stress
typically increases oxidative stress, the observed
decrease within 2 days could be due to the
compensatory antioxidant activation that
over-compensates, lowering MDA despite greater
initial insult*"-*2, Hence, MDA levels can peak within
hours and then decline below baseline during recovery
due to enhanced clearance or repair mechanisms. The
reduction in overall metabolic rate and thus ROS
production by the time of sampling could also account
for this 3334,

The non-significant decrease observed in the SOD
activity when compared to the control group, after
mild heat stress could be due to the fact that acute heat
stress may initially disrupt protein homeostasis,
including antioxidant enzymes, leading to lower
measurable activity within 2 days if recovery is
incomplete. However, studies in insects and
ectotherms report significant SOD increases
during/after heat, not decreases®-®. Also, evidence
from heat-stressed models indicates that mild stress
triggers a coordinated increase in antioxidants,
including SOD, CAT, and glutathione-related
enzymes (e.g., GR, GPx), to handle ROS flux, rather
than causing a compensatory reduction in constitutive
SOD?337, Thus, the non-significant SOD drop in this
study is likely due to timing (post-peak) or assay
limits, not compensation. Furthermore, the decrease in
the SOD activity in the 10 minutes exposed flies
relative to the control group, is somewhat unexpected
because longer heat exposure typically increases ROS
production, which might be expected to upregulate
SOD. Hence, this could be linked to oxidative
inactivation of SOD due to prolonged stress, which
can lead to post-translational modifications (e.g.,
carbonylation, nitration) that reduce enzyme activity
without changing protein levels®®. However, SOD
requires metal ions (Cu/Zn or Mn); heat stress might
disrupt metal homeostasis, and this could also lower
the functional activity of the enzyme. A mild decline
in GSH levels after a short heat stress could be from
the consumption of GSH. Reports indicates even a
brief heat exposure generates reactive oxygen species,
and GSH is used up in neutralizing them, lowering its
measurable level within the 2-daystime point if
resynthesis has not fully compensated***!. Heat
exposure may temporarily downregulate enzymes
involved in GSH biosynthesis (e.g.,
glutamate-cysteine ligase) as part of a broader stress
response that prioritizes heat shock proteins)*.
However, the decrease in this study was small and
non-significant, suggesting that 5 minutes of heat
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shock may not have substantially depleted GSH
beyond normal biological variation. Acute heat
exposure often depletes GSH levels initially due to
heightened ROS production and consumption in
antioxidant defenses, rather than increasing the levels.
Longer exposures like 10 minutes typically exacerbate
this depletion or trigger inconsistent responses*. A
moderate stress duration can also elevate antioxidant
capacity above baseline, a phenomenon often
observed  with  mild-to-moderate  oxidative
stressors®”* 10-minutes heat stress group exhibited
a significant decrease in climbing performance
compared to the control group. Additionally, the
10-minutes group performed significantly worse than
the S-minutes group (p < 0.01). Shorter 5-minutes
exposures likely remain sublethal, activating partial
heat shock responses (e.g., HSP70 upregulation) that
preserve geotaxis without full overload. In contrast, 10
minutes crosses into moderate-severe stress at typical
experimental temperatures (37-40°C), inducing
protein misfolding, aggregation in neural/muscle
tissues, and disrupted Ca?" homeostasis, all impairing
coordinated locomotion**. Furthermore, Prolonged
heat disrupts dopaminergic neurons critical for
negative geotaxis motivation, alongside
mitochondrial ROS overproduction causing energy
deficits (ATP decline) and synaptic vesicle cycling
failure in flight/climbing motor circuits*. Unlike
hormesis in milder protocols similar to this study,
single acute 10-minutes sessions could overwhelm
refolding capacity, yielding deficits observable
immediately post-recovery 434,

The histoarchitecture of the brain sections of the flies
shows the optic lobes (OL) and central brain (CB),
these structures are critical for visual processing (OL)
and higher-order integration/motor control (CB).
Qualitative differences in tissue integrity, vacuolation,
and cellular density are evident across the three
groups. Short-duration heat exposure (5 mins) causes
minimal, mild structural changes such as slight
vacuolation or loosening of the neuropil, but overall
architecture remains largely preserved. OL and CB
still distinguishable with no gross lesions. This
correlates with the RING assay result showing a
non-significant increase in climbing performance
(mild hormesis). The brain’s ability to maintain
near-normal morphology after 2 days of heat exposure
suggests protective mechanisms (e.g., heat shock
protein upregulation). Prolonged heat exposure (10

mins) induces significant brain damage, likely
including protein aggregation and membrane
disruption. Heat-induced Ca?*" influx disrupts

mitochondrial integrity, triggering ROS-mediated
lipid peroxidation in glial-neuronal interfaces. In
Drosophila, this forms electron-lucent vacuoles in
neuropils post-37-40°C exposure, paralleling TBI
models where 10-30 minutes insults produce similar
glial vacuolization without full HSP protection*”*,
This structural compromise directly explains
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the significant decrease in climbing performance seen
in the RING assay.

CONCLUSION

Ten-minutes heat exposure caused significant
locomotor impairment and structural brain damage in
male Drosophila melanogaster after 2 days, despite
no significant changes in oxidative stress markers.
These findings suggest that functional and
morphological assessments may be more sensitive
than biochemical assays alone for detecting heat-
induced injury, highlighting the importance of
integrating multiple endpoints when evaluating
sublethal stress responses and insect vulnerability to
heat waves.

Conflict of interest: The authors have no conflict of
interests to declare.

Acknowledgements: Our acknowledgements go to
the following Labs- Bioinformatics and Neuroscience
Lab, Department of Human Anatomy, Faculty of
Basic Medical Sciences Ahmadu Bello University
Zaria and the Drosophila and Neurogenetics Lab,
Department of Zoology, Faculty of Life Sciences,
Ahmadu Bello University Zaria.

Authors contributions:

ZMB: Conception, interpretation and drafting of
manuscript; RNA: Design and Data acquisition

ASI: Interpretation and revising the manuscript
TSA: Data analysis; IM, JO, ZSS, HAU, RKB:
Revising the manuscript.

REFERENCES

1. World Health Organization. Heat and health
[fact sheet]. Geneva: World Health
Organization; 2024 [cited 2026 Apr 19].
https://www.who.int/news-room/fact-
sheets/detail/climate-change-heat-and-health

2. IPCC. Climate Change 2023: Synthesis
Report. Contribution of Working Groups I, 11
and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change.
Geneva: IPCC; 2023.
do0i:10.59327/IPCC/AR6-9789291691647.

3. Perkins-Kirkpatrick SE, Lewis SC.
Increasing trends in regional heatwaves. Nat
Commun. 2020;11(1):3357.
doi:10.1038/s41467-020-16970-7.

4. Buckley LB, Huey RB. Temperature

extremes: geographic patterns, recent
changes, and implications for organismal
vulnerabilities. Glob Chang  Biol.

2016;22(12):3829-3842.
doi:10.1111/geb.13313.

5. Angilletta MJ. Thermal Adaptation: A
Theoretical and Empirical Synthesis.
Oxford: Oxford University Press; 2009.

89



Bello et al

10.

11.

12.

13.

14.

15.

16.

doi:10.1093/acprof:0s0/9780198570875.001
1.

Huey RB, Stevenson RD. Integrating thermal
physiology and ecology of ectotherms: a
discussion of approaches. Am Zool.
1979;19(1):357-366.
doi:10.1093/icb/19.1.357.

SunY, Yang M, Ye Z, Zhu J, Fu Y, Chen J,
et al. Effects of high-temperature stress on
biological characteristics of Coccophagus
japonicus Compere. Insects.
2024;15(10):801.
doi:10.3390/insects15100801

Kingsolver JG, Diamond SE, Buckley LB.
Heat stress and the fitness consequences of
climate change for terrestrial ectotherms.
Funct Ecol. 2013;27(6):1415-1423.
doi:10.1111/1365-2435.12145.

Ma CS, Ma G, Pincebourde S. Survive a

warming climate: insect responses to
extreme high temperatures. Annu Rev
Entomol. 2021;66:163-184.

doi:10.1146/annurev-ento-041520-074454.
Hoffmann AA, Serensen JG, Loeschcke V.
Adaptation of Drosophila to temperature
extremes: bringing together quantitative and
molecular approaches. J Therm Biol.
2003;28(3):175-216.  doi:10.1016/S0306-
4565(02)00057-8.

Kellermann V, Overgaard J, Hoffmann AA,
Flegjgaard C, Svenning JC, Loeschcke V.
Upper thermal limits of Drosophila are
linked to species distributions and strongly
constrained phylogenetically. Proc Natl
Acad Sci U S A.2012;109(40):16228-16233.
doi:10.1073/pnas.12075531009.

Feder ME, Hofmann GE. Heat-shock
proteins, molecular chaperones, and the
stress response: evolutionary and ecological
physiology. Annu Rev Physiol.
1999;61(1):243-282.
doi:10.1146/annurev.physiol.61.1.243.
Serensen JG, Kristensen TN, Loeschcke V.
The evolutionary and ecological role of heat
shock proteins. Ecol Lett. 2003;6(11):1025-
1037.

Kreiman L, Careaga V, Soto EM, Peluso D,
Hasson E, Schilman PE, et al. Thermal
variability and diet interaction as driver of
developmental overwintering in Drosophila
buzzatii.  Sci  Rep.  2025;15:39141.
doi:10.1038/s41598-025-25689-8

Leong CM, Tsang TPN, Guénard B. Critical
thermal maximum measurements and its
biological relevance: the case of ants
[preprint]. bioRxiv; 2020.
doi:10.1101/2020.12.09.417410

Overgaard J, Kristensen TN, Serensen JG.
Validity of thermal ramping assays used to
assess thermal tolerance in arthropods. PLoS

Journal of Anatomical Sciences 2026 Volume 17 No. 2

90

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

One. 2012;7(3):e32758.
doi:10.1371/journal.pone.0032758

Abdulazeez R, Highab SM, Onyawole UF,
Jeje MT, Musa H, Shehu DM, et al. Co-
administration of resveratrol rescued lead-

induced toxicity in Drosophila
melanogaster. Environ Toxicol Pharmacol.
2024, 109:104470.

doi:10.1016/j.etap.2024.104470.

LiJ, Ning C, Liu Y, Deng B, Wang B, Shi K,
et al. Prothoracicotropic hormone controls
female sexual receptivity through the
function of ecdysone in pCl neurons of
Drosophila. eLife. 2023;12:€92545.
doi:10.7554/eLife.92545

Nichols CD, Becnel J, Pandey UB. Methods
to assay Drosophila behavior. J Vis Exp.
2012;(61):3795. doi:10.3791/3795.

Aguilar Diaz De Leon J, Borges CR.
Evaluation of oxidative stress in biological
samples using the thiobarbituric acid reactive
substances assay. J Vis Exp. 2020
(159):61122.
doi:10.3791/61122.PMID:32478759;
PMCID:PMC9617585.

Rukkumani R, Aruna K, Varma PS,
Rajasekaran KN, Menon VP. Comparative
effects of curcumin and an analog of
curcumin on alcohol and PUFA induced
oxidative  stress. J Pharm  Pharm
Sci.2004.20;7(2):274-83.

Ellman GL. Tissue sulfhydryl groups. Arch
Biochem Biophys. 1959;82(1):70-7.
doi:10.1016/0003-9861(59)90090-6.
PMID:13650640.

Misra HP, Fridovich 1. The role of
superoxide anion in the autoxidation of
epinephrine and a simple assay for
superoxide dismutase. J Biol Chem.
1972;247(10):3170-5.

Sekiya M, Iijima KM. Phenotypic analysis of

a transgenic  Drosophila model of
Alzheimer's amyloid-f toxicity. STAR
Protoc. 2021;2(2):100501.

doi:10.1016/j.xpro.2021.100501.

Asatiani N, Sapojnikova N, Kartvelishvili T,
Asanishvili L, Sichinava N, Chikovani Z.
Blood Catalase, Superoxide Dismutase, and
Glutathione  Peroxidase  Activities in
Alcohol- and Opioid-Addicted Patients.
Medicina (Kaunas). 2025;61(2):204.
doi:10.3390/medicina61020204.

Ismail NA, Okasha SH, Dhawan A, Abdel
Rahman AMO, Abdel Hamid N, Shaker O.
Glutathione peroxidase, superoxide
dismutase and catalase activities in children
with chronic hepatitis. Advances in
Bioscience and Biotechnology.
2012;3(7A):974-979.
doi:10.4236/abb.2012.327119.



Impact of Acute Thermal Stress in Male Drosophila melanogaster on Climbing Performance, Oxidative stress and Brain

Histology

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tsuber V, Kadamov Y, Tarasenko L.
Activation of antioxidant defenses in whole
saliva by psychosocial stress is more
manifested in young women than in young
men. PLoS One. 2014;9(12):e115048.
doi:10.1371/journal.pone.0115048

Niki E. Lipid peroxidation: physiological
levels and dual biological effects. Free Radic
Biol Med. 2009;47(5):469-484.
doi:10.1016/j.freeradbiomed.2009.05.032
Guerrero C, Collado-Boira E, Martinez-
Navarro I, Hernando B, Hernando C, Balino
P, Muriach M. Impact of Plasma Oxidative
Stress Markers on Post-race Recovery in
Ultramarathon Runners: A Sex and Age
Perspective Overview. Antioxidants (Basel).
2021;10(3):355.

doi:10.3390/antiox 10030355

Qin Y, Qian C, Li W, Wang Q, Sheng Q,
Chen Z, et al. Oxidative Stress: Molecular
Mechanisms, Diseases, and Therapeutic
Targets. MedComm. 2026;7(2):70600.
doi:10.1002/mco02.70600

Wu M, Zhao A, Yan X, Gao H, Zhang C, Liu
X, et al. Hepatic AMPK signaling dynamic
activation in response to REDOX balance are
sentinel biomarkers of exercise and
antioxidant intervention to improve blood
glucose control. eLife. 2022;11:¢79939.
doi:10.7554/eLife.79939

Senyuk V, Eskandari N, Jiang Y, Garcia-
Varela R, Sundstrom R, Leanza L, et al.
Compensatory  expression of NRF2-
dependent antioxidant genes is required to
overcome the lethal effects of Kvll.1
activation in breast cancer cells and PDOs.
Redox Biol. 2021;45:102030.
doi:10.1016/j.redox.2021.102030

Bouzid MA, Hammouda O, Matran R, Robin
S, Fabre C. Changes in Oxidative Stress
Markers and Biological Markers of Muscle
Injury with Aging at Rest and in Response to
an Exhaustive Exercise. PLoS One.
2014;9(3):e90420.
doi:10.1371/journal.pone.0090420
Forrester SJ, Kikuchi DS, Hernandes MS, Xu
Q, Griendling KK. Reactive Oxygen Species
in Metabolic and Inflammatory Signaling.
Circ Res. 2018;122(6):877-902.
doi:10.1161/CIRCRESAHA.117.311401
LiWZ, Zhu T, Zhou JJ, Shang SQ. Effects of
short-term heat stress on the activity of three

antioxidant  enzymes of  predatory
mite Neoseiulus barkeri (Acari,
Phytoseiidae). Front Physiol.

2022;13:937033.
doi:10.3389/fphys.2022.937033.

Jacobs PJ, Oosthuizen MK, Mitchell C,
Blount JD, Bennett NC. Heat and
dehydration induced oxidative damage and

Journal of Anatomical Sciences 2026 Volume 17 No. 2

91

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

antioxidant defenses following incubator
heat stress and a simulated heat wave in wild
caught four-striped field mice Rhabdomys
dilectus. PLoS One. 2020;15(11):¢0242279.
doi:10.1371/journal.pone.0242279.

Hassan AHA, Hozzein WN, Mousa ASM,
Rabie W, Alkhalifah DHM, Selim S, et al.
Heat stress as an innovative approach to
enhance the antioxidant production
in Pseudooceanicola and Bacillus isolates.
Sci Rep. 2020;10(1):15076.
doi:10.1038/541598-020-72054-y.

Banks CJ, Andersen JL. Mechanisms of
SOD1 regulation by post-translational
modifications. Redox Biol. 2019;26:101270.
doi:10.1016/j.redox.2019.101270.
Szebesczyk A, Stowik J. Heat shock proteins
and metal ions - Reaction or interaction?
Comput Struct Biotechnol J. 2023;21:3103-
3108. doi:10.1016/j.csbj.2023.05.024.
Gonzalez-Tokman D, Villada-Bedoya S,
Hernandez A, Montoya B. Antioxidants,
oxidative stress and reactive oxygen species
in insects exposed to heat. Curr Res Insect
Sci. 2025;7:100114.
doi:10.1016/j.cris.2025.100114.

Oztiirk O, Giimiislii S. Age-related changes
of antioxidant enzyme activities, glutathione
status and lipid peroxidation in rat
erythrocytes after heat stress. Life Sci.
2004;75(13):1551-1565.
doi:10.1016/].15.2004.03.020.)

Lu SC. Regulation of glutathione synthesis.
Mol Aspects Med. 2009;30(1-2):42-59.
doi: 10.1016/j.mam.2008.05.005

Jomova K, Alomar SY, Alwasel SH,
Nepovimova E, Kuca K, Valko M. Several
lines of antioxidant defense against oxidative
stress: antioxidant enzymes, nanomaterials
with multiple enzyme-mimicking activities,
and low-molecular-weight antioxidants.
Arch  Toxicol.  2024;98(5):1323-1367.
doi:10.1007/s00204-024-03696-4.)

Marijan D, Momchilova EA, Burns D,
Chandhok S, Zapf R, Wille H, et al. Protein
thermal sensing regulates physiological
amyloid aggregation. Nat Commun.
2024;15:1222. doi:10.1038/541467-024-
45536-0.

Wilkening A, Riib C, Sylvester M, Voos W.
Analysis of heat-induced protein aggregation
in human mitochondria. J Biol Chem.
2018;293(29):11537-11552.
doi:10.1074/jbc.RA118.002122

Odnokoz O, Nakatsuka K, Wright C,
Castellanos J, Klichko VI, Kretzschmar D, et
al. Mitochondrial redox signaling is critical
to the normal functioning of the neuronal
system. Front Cell Dev Biol. 2021;9:613036.
doi:10.3389/fcell.2021.613036



https://doi.org/10.1016/j.mam.2008.05.005

Bello et al

47.

48.

49.

Saikumar J, Byrns CN, Hemphill M, Meaney
DF, Bonini NM. Dynamic neural and glial
responses of a head-specific model for
traumatic brain injury in Drosophila. Proc
Natl Acad Sci USA. 2020;117(29):17269-
17277. doi:10.1073/pnas.2003909117
Willot Q, du Toit A, de Wet S, Huisamen EJ,
Loos B, Terblanche JS. Exploring the
connection between autophagy and heat-
stress tolerance in Drosophila melanogaster
[preprint]. bioRxiv; 2021.
doi:10.1101/2021.12.09.471892

Ohkawa H, Ohishi N, Yagi K. Assay for lipid
peroxides in animal tissues by thiobarbituric
acid reaction. Anal Biochem.
197995(2):351-8.  doi: 10.1016/0003-
2697(79)90738-3.

Journal of Anatomical Sciences 2026 Volume 17 No. 2

92



