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Abstract 
Oxygen availability dictates the rate of reactive oxygen species 
production from various cellular sources; excessive ROS accumulation 
can be cytotoxic. Mitochondria are usually the primary contributors 
to basal reactive oxygen species generation in the brain; however, 
xanthine oxidoreductase and nicotinamide adenine dinucleotide 
phosphate oxidase can also produce considerable reactive oxygen 
species during hypoxia/reoxygenation. In the brains of most 
mammals, cellular death accompanies hypoxia-mediated surges in 
reactive oxygen species production, but this is avoided in the cortex 
of hypoxia-tolerant naked mole-rats (Heterocephalus glaber). 
However, the contributions of various reactive oxygen species 
generators towards total reactive oxygen species homeostasis in 
naked mole-rat brain is unknown. We hypothesized that 
mitochondria remain the primary reactive oxygen species 
generators in naked mole-rat cortex and predicted that 
pharmacological inhibition of mitochondrial complex I would induce 
greater fluctuations in superoxide (O2•-) and hydrogen peroxide 
(H2O2) than inhibition of xanthine oxidoreductase or nicotinamide 
adenine dinucleotide phosphate oxidase. To test this, we used 
fluorescence microscopy to measure H2O2 and O2•- production from 
cortical slices during normoxia and hypoxia while pharmacologically 
inhibiting mitochondrial complex I, xanthine oxidoreductase, or 
nicotinamide adenine dinucleotide phosphate oxidase. 
Unexpectedly, we found xanthine oxidoreductase inhibition induced 
the greatest increase in O2•- during normoxia and hypoxia (~100% 
and 70%, respectively). Hypoxic inhibition of nicotinamide adenine 
dinucleotide phosphate oxidase induced the greatest decrease in 
H2O2 by ~35% below baseline. Finally, although inhibition of 
mitochondrial complex I during hypoxia yielded significant 
fluctuations in O2•- and H2O2, these changes were considerably 
smaller than fluctuations induced by inhibiting xanthine 
oxidoreductase or nicotinamide adenine dinucleotide phosphate 
oxidase. Together, and unlike in other rodent brain, our results 
suggest that xanthine oxidoreductase is the primary contributor to 
reactive oxygen species production in naked mole-rat cortex.  
Keywords: NADPH oxidase; mitochondria; electron transport 
system; xanthine oxidoreductase; superoxide; hydrogen peroxide; 
reactive oxygen species; hypoxia  
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Abbreviations:  
ACSF – artificial cerebral spinal fluid 
CM-H2DCFDA – 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate, acetyl ester 
DHE – dihydroethidium 
DPI – diphenyleneiodonium  
ETS – electron transport system  
H2O2 – hydrogen peroxide  
NADPH – reduced nicotinamide adenine 
dinucleotide phosphate  
NMDG – N-Methyl-D-Glucamine  
NOX – NADPH oxidase  
O2•- – superoxide  
ROS – reactive oxygen species  
XOR – xanthine oxidoreductase 
 

Introduction 
Reactive oxygen species (ROS) are potent second 
messengers that regulate a myriad of cellular 
components and processes1-5. As such, the 
production and scavenging of ROS are carefully 
balanced in healthy biological systems6-8. However, 
surges in ROS may occur during periods of 
environmental or tissues-level hypoxia and/or 
following reoxygenation, and are potentially 
induced by environmental oxygen availability, 
exhaustive exercise, or due to various 
pathophysiologies9-11. Increased production of 
ROS, whether in the form of superoxide anions (O2•-

) or hydrogen peroxide (H2O2), can deleteriously 
impact cellular function, promote apoptotic cell 
death12, and/or cause oxidative damage to 
proteins, DNA, or lipids6,13,14.  
 
There are numerous sources of ROS in a cell and 
each of these systems have been linked to 
perturbations in ROS homeostasis during hypoxia 
and reoxygenation. In brain cells (and most other 
cell types), the primary source of ROS generation is 
the mitochondrial electron transport system (ETS). 
Depending on the species, it is estimated that 0.25-
11% of all oxygen consumed for the process of 
oxidative phosphorylation leaks out of the ETS to 
form O2•- as a by-product of aerobic metabolism15-

18. Intuitively, we might predict that ROS generation 
would decrease with less oxygen available (i.e., 
during hypoxia or ischemia); however, the 
concentration of electron donors within the 
mitochondrial ETS also rises during hypoxia, leading 
to increased ROS production relative to normoxia19. 
Sustained hypoxia ultimately leads to the slowing, 
and potentially reversal, of electron flow along the 
mitochondrial ETS, resulting in elevated ROS 
production and succinate accumulation9,20-23. Upon 
re-oxygenation, the accumulated succinate is 
rapidly oxidized, which results in a large spike in 
ROS production through complex I24-26.  

In addition to the mitochondrial ETS, xanthine 
oxidoreductase (XOR) and nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase (NOX) 
also contribute significantly to cellular ROS 
generation27-30. XOR is a cytosolic enzyme that is 
primarily involved in purine catabolism and 
produces ROS as a by-product of this reaction at 
relatively low levels compared to other major ROS 
generators31. As such, XOR is not often thought to 
substantially contribute to total cellular ROS 
production during normoxia29,32. However, during 
hypoxia, XOR activity increases in the rat adrenal 
medulla29,33, and XOR-derived O2•- production 
spikes in cultured rat hippocampal neurons 
following exposure to oxygen glucose deprivation 
(OGD; a common in vitro ischemic treatment) and 
during chemically-induced anoxia with cyanide 
(NaCN; a common in vitro mimic of anoxia)34. 
Similarly, NOX is not usually a major contributor 
towards total normoxic ROS generation unless 
otherwise recruited as part of an immune 
response35,36. However, alongside cytochrome 
p450, NOX generates high levels of ROS within the 
endoplasmic reticulum as a by-product of protein 
folding and steroid biosynthesis37,38, and a NOX-
mediated ROS burst has also been reported in 
ischemic rat neurons34.  
 
Notably, all of the aforementioned studies were 
conducted in hypoxia-intolerant species. 
Conversely, studies from hypoxia-tolerant species, 
which experience periods of hypoxia in their 
natural environmental niche, suggest that such 
species avoid deleterious changes in ROS 
production during in vitro hypoxia or ischemia39-43. 
In these species, ROS homeostasis is largely 
maintained during hypoxia and reoxygenation. The 
mechanisms underlying this ability are poorly 
understood but likely involve a combination of 
preventing deleterious bursts of ROS generation 
from various cellular ROS sources, and/or 
enhancing ROS scavenging pathways39,44-50. 
Together, these strategies presumably prevent 
subsequent oxidative damage, which is likely 
beneficial in species which experience frequent 
hypoxic and normoxic transitions44. 
 
One hypoxia-tolerant species of interest is the 
eusocial and fossorial naked mole-rat 
(Heterocephalus glaber), which lives in intermittent 
hypoxia whilst underground51,52. Presumably 
because of this species’ life history, naked mole-rats 
have evolved a wide variety of mechanisms to 
tolerate periods of hypoxia and reoxygenation51, 
and are considered one of the most hypoxia-
tolerant mammals studied to date. Previously, we 
reported that naked mole-rat cortex maintains ROS 
homeostasis during periods of in vitro hypoxia or 
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ischemia, and during subsequent reoxygenation; 
whereas similarly treated mouse cortex exhibits 
large fluctuations in ROS and also nitric 
oxide40,53,54. In addition, naked mole-rat brain (and 
other tissues) avoid redox damage during periods 
of in vivo hypoxia55. This remarkable ability to 
maintain ROS homeostasis is due in part to a 
heightened ROS scavenging capacity in at least 
some tissues, as the glutathione (GSH) and 
thioredoxin (Trx) dependent ROS scavenging 
systems in naked mole-rat skeletal and cardiac 
muscle mitochondria are upregulated and can 
detoxify greater quantities of ROS than matched 
mouse tissues45. Presumably, similar robust 
scavenging systems contribute to the remarkable 
maintenance of ROS homeostasis in naked mole-rat 
brain during periods of environmental oxygen 
fluctuation; however, this remains to be tested. 
Combined with the relatively high metabolic rate of 
the brain56, enhanced scavenging capacity in 
mitochondria support its role as the primary 
contributor to ROS generation in the cell. However, 
no study has explored the regulation of ROS 
generation in naked mole-rat brain.  
 
To address this knowledge gap, we used 
pharmacological inhibitors of each of the key ROS 
generators to disrupt ROS homeostasis in naked 
mole-rat cortical neurons. We predicted that, as in 
mice and humans, pharmacological inhibition of the 
mitochondrial ETS would induce the most substantial 
fluctuations in ROS, consistent with its putative role 
as the primary ROS contributor in other species. We 
further predicted that pharmacological inhibition of 
XOR and NOX would similarly induce fluctuations in 
ROS, albeit to a lesser extent than perturbations of 
mitochondrial ROS homeostasis. Towards this aim, 
we used fluorescence microscopy to investigate 
fluctuations in O2•- and H2O2 production following 
pharmacological inhibition of the mitochondrial ETS, 
XOR, or NOX, in naked mole-rat cortex during a 
transition from normoxia to hypoxia with 
subsequent reoxygenation. 
 

Materials and Methods 
ANIMALS 
Naked mole-rats were housed in colonies in a multi-
cage system at 30°C with 21% O2, 50% humidity, 
and a 12L:12D light cycle. Animals were fed 
vegetables, fruit, and Pronutrocereal supplement 
ad libitum. Naked mole-rats were not fasted before 
experiments. The Canadian Council on Animal Care 
and the University of Ottawa Animal Care 
Committee approved all experimental procedures 
(protocol #3444) in accordance with the Animals 
for Research Act.  
 
 

TISSUE PREPARATION & EXPERIMENTAL DESIGN  
Thirty-four subordinate adult naked mole-rats aged 
1-2 years old with an average mass of 55.6 ± 19.4 
g were euthanized via cervical dislocation and 
rapid decapitation. Brains were quickly dissected 
and immediately put into oxygenated (95% O2, 
5% CO2) ice-chilled N-methyl-D-glucamine 
(NMDG)-based artificial cerebrospinal fluid (ACSF) 
where they were sliced into 300 µm thick sections 
by a Vibratome (Leica VT1000 S). The NMDG-
based ACSF solution contained: NMDG 120 mM, 
NaH2PO4 1.25 mM, MgCl2 7 mM, CaCl2 1 mM, KCl 
2.5 mM, NaHCO3 25 mM, d-glucose 20 mM, Na-
pyruvate 2.4 mM, and Na-ascorbate 1.3 mM; pH 
7.30 and osmolarity 315± 3 mOsM. Sections were 

incubated at 28℃ for 30 min and then at room 
temperature for another 30 min, all the while in 
oxygenated ACSF containing: NaCl 126 mM, 
NaH2PO4 1.25 mM, MgCl2 1.5 mM, CaCl2 2 mM, 
KCl 2.5 mM, NaHCO3 26 mM, and d-glucose 10 

mM; pH 7.30 and osmolarity 315  3 mOsM. Slices 
were then transferred to 3 mL oxygenated ACSF 
baths at room temperature, individually loaded 
with 8 µL Cremophore EL solution (0.5% in dimethyl 
sulfoxide; DMSO), and then left for 5 min. 4.34 µL 
of 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate, acetyl ester 
(CM-H2DCFDA; Invitrogen, California, USA), 
activated in 50 µL of DMSO, was then loaded into 
each slice and left for 40 min.  
 
Slices pre-loaded with CM-H2DCFDA were placed 
in a chamber perfused with a 0.68 µL/mL 
dihydroethidium (DHE; Invitrogen, California, USA)-
ACSF solution at a flow rate of ~5 mL/min. Each 
experiment followed a 60 min protocol; a 10 min 
equilibration period followed by 10 min of 
normoxic perfusion (DHE-ACSF), a 20 min treatment 
period (drug-DHE-ACSF), and finally a 20 min 
normoxic reperfusion period (DHE-ACSF). Control 
trials remained in normoxic perfusion for the entire 
60 min. Hypoxic perfusion was attained by 
aerating ACSF with a 95% N2, 5% CO2 gas from a 
second reservoir. Drug treatments included 10 µM 
diphenyleneiodonium (DPI), 20 µM oxypurinol, or 
0.5 µM rotenone, each dissolved in DMSO and then 
added to ACSF; to inhibit NOX57, XOR34, and 
complex I of the mitochondrial ETS21, respectively. 
  
FLUORESCENCE MICROSCOPY 
Fluorescence intensity was measured using 1-min 
time-course images with Image-J (NIH, Bethesda, 
USA) to determine changes in production of whole 
cell H2O2, O2•-, as well as mitochondrial O2•- in 
naked mole-rat cortices throughout each 60 min 
protocol. Images were taken with a Zeiss Axio 
Examiner Z1 microscope. An LED light with a 470 
nm wavelength along with a 38HE filter of 500 nm-
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550 nm wavelengths was used when imaging DCF 
dye (Zeiss, Axio Examiner Z1). When imaging 
MitoSOX red dye, an LED light with a 365 nm 
wavelength was used in conjunction with a 90HE 
filter containing emission wavelengths ranging 410-
440 nm, 579-604 nm, and 659-759 nm (Zeiss, Axio 
Examiner Z1).  

 
DATA COLLECTION & STATISTICAL ANALYSIS 
Regions of interest were assigned to cortical neurons 
and their fluorescence was quantified. Data from 
each experiment were slope-corrected and 
normalised to baseline measurements from each 
experiment’s initial 10 min. Fluorescence differences 
between drug treatments and initial normoxic 
exposure were analysed via two-way ANOVAs 
with Holm-Šídák multiple comparisons tests. Values 
were reported as mean ± SEM. All statistical 
analyses were done using GraphPad Prism 10 
(GraphPad Prism, La Jolla, CA, USA), with a 
significance level of p < 0.05.    
 

Results 
Rotenone increases H2O2 and mitochondrial during 
hypoxia in naked mole-rat cortex. First, we tested the 
impact of complex I inhibition by rotenone on H2O2 
and O2•- homeostasis during normoxia and hypoxia. 
Rotenone treatment did not affect H2O2 during 
normoxia, whereas hypoxic rotenone treatment led 
to a ~ 15% increase in H2O2 levels from baseline 
(F(24,216) = 5.183, p < 0.0001), which remained 
stable following reoxygenation (Fig. 1A & 1C, n = 
13 and 10 slices from 8 and 6 naked mole-rats for 
normoxic and normoxia-hypoxia-normoxia 
conditions, respectively). Similarly, mitochondrial 
O2•- was unaffected by rotenone application during 
normoxia, while hypoxic rotenone application 
elicited a 20% increase in mitochondrial O2•- signal 
above baseline (F(24,192) = 10.77, p < 0.0001). 
However, this change was reversed following 
reoxygenation (Fig. 1B & 1D, n = 9 slices from 5 
naked mole-rats for both normoxic and normoxia-
hypoxia-normoxia conditions). 

Figure 1. Rotenone induces fluctuations in hydrogen peroxide (H2O2) and mitochondrial superoxide (O2
•-) 

homeostasis in naked mole-rat (NMR) cortex during hypoxia but not normoxia. A) Fluorescent time-lapse images 
of cortical slices loaded with the H2O2 sensitive fluorophore CM-H2-DCFDA, and B) the O2

•- sensitive mitochondrial 
fluorophore MitoSOX Red, prior to and during rotenone application, while exposed to normoxia or a normoxia-
hypoxia-normoxia (NHN) protocol. C) Summary of H2O2 fluctuations with rotenone application in normoxia and hypoxia 
(n = 13 and 10 slices from 8 and 6 NMRs for normoxic and NHN conditions, respectively). D) Summary of mitochondrial 
O2

•- fluctuations with rotenone application in normoxia and hypoxia (n = 9 slices from 5 NMRs for both normoxic and 
NHN conditions). Individual trials were slope-corrected and normalised based on the initial 10-min normoxic period. 
Black bars indicate rotenone treatment during normoxia (open circles), and hypoxia (black squares). Asterisks indicate 
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significant differences from initial normoxic values (p < 0.05; Two-way ANOVA with Holm-Šídák multiple comparisons 
test). Data are presented as mean ± SEM. 

Oxypurinol elevates O2•-, but not H2O2, during both 
normoxia and hypoxia. Next, we evaluated the role 
of XOR in ROS homeostasis through inhibition with 
oxypurinol during normoxia and hypoxia. 
Treatment with oxypurinol had no significant effect 
on H2O2 levels during normoxia or hypoxia (Fig. 2A 
& 2C, n = 11 and 11 slices from 7 and 9 naked 
mole-rats for normoxic and normoxia-hypoxia-
normoxia conditions, respectively). In contrast, 
oxypurinol elevated O2•- by ~ 100% and ~ 70% 

above baseline during normoxic and hypoxic 
exposure, respectively (F(59,413) = 58.74, p < 
0.0001; and F(59,354) = 29.54, p < 0.0001, 
respectively). O2•- levels then dropped to ~ 50% 
and ~ 30% above baseline following reperfusion 
after normoxic and hypoxic drug applications, 
respectively (Fig. 2B & 2D, n = 6 and 7 slices from 
3 and 5 naked mole-rats for normoxic and 
normoxia-hypoxia-normoxia conditions, 
respectively).  

 

 
Figure 2. Oxypurinol induces fluctuations in hydrogen peroxide (H2O2) and superoxide (O2•-) 
homeostasis in naked mole-rat (NMR) cortex during hypoxia and normoxia. A) Fluorescent time-lapse 
images of cortical slices loaded with the H2O2 sensitive fluorophore CM-H2-DCFDA, and B) the O2•- sensitive 
fluorophore dihydroethidium, prior to and during oxypurinol application, while exposed to normoxia or a 
normoxia-hypoxia-normoxia (NHN) protocol. C) Summary of H2O2 fluctuations with oxypurinol application 
in normoxia and hypoxia (n = 11 and 11 slices from 7 and 9 NMRs for normoxic and NHN conditions, 
respectively). D) Summary of O2•- fluctuations with oxypurinol application in normoxia and hypoxia (n = 6 
and 7 slices from 3 and 5 NMRs for normoxic and NHN conditions, respectively). Individual trials were slope-
corrected and normalised based on the initial 10-min normoxic period. Black bars indicate oxypurinol 
treatment during normoxia (open circles), and hypoxia (black squares). Asterisks indicate significant 
differences from initial normoxic values (p < 0.05; Two-way ANOVA with Holm-Šídák multiple comparisons 
test). Data are presented as mean ± SEM. 
 
Diphenyleneiodonium application during hypoxia 
disrupts reactive oxygen species homeostasis. Finally, 
we inhibited NOX with DPI to examine the impact 

of this treatment on H2O2 and O2•- homeostasis in 
naked mole-rat cortex during normoxic and 
hypoxic exposure. Diphenyleneiodonium treatment 

https://esmed.org/MRA/index.php/mra/article/view/4857


  

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/4857 6 

Sources of ROS in naked mole-rat brain 

had no effect on normoxic H2O2 homeostasis, 
however DPI treatment during hypoxia resulted in a 
~ 35% decrease in fluorescent signal compared to 
baseline (F(24,144) = 20.21, p < 0.0001), which 
remained stable following reoxygenation (Fig. 3A 
& 3C, n = 5 and 7 slices from 4 and 5 naked mole-
rats for normoxic and normoxia-hypoxia-normoxia 
conditions, respectively). Normoxic DPI application 

also had no effect on O2•- homeostasis. Conversely, 
DPI application during hypoxia elevated O2•- levels 
by ~ 30% from baseline (F(24,144) = 6.995, p < 
0.0001), although O2•- levels returned to baseline 
following reoxygenation (Fig. 3B & 3D, n = 5 and 
7 slices from 4 and 4 naked mole-rats for normoxic 
and normoxia-hypoxia-normoxia conditions, 
respectively). 

 

 
Figure 3. Diphenyleneiodonium (DPI) induces fluctuations in hydrogen peroxide (H2O2) and superoxide 
(O2•-) homeostasis in naked mole-rat (NMR) cortex during hypoxia but not normoxia. A) Fluorescent 
time-lapse images of cortical slices loaded with the H2O2 sensitive fluorophore CM-H2-DCFDA, and B) the 
O2•- sensitive fluorophore dihydroethidium, prior to and during DPI application, while exposed to normoxia 
or a normoxia-hypoxia-normoxia (NHN) protocol. C) Summary of H2O2 fluctuations with DPI application in 
normoxia and hypoxia (n = 5 and 7 slices from 4 and 5 NMRs for normoxic and NHN conditions, 
respectively). D) Summary of O2•- fluctuations with DPI application in normoxia and hypoxia (n = 5 and 7 
slices from 4 and 4 NMRs for normoxic and NHN conditions, respectively). Individual trials were slope-
corrected and normalised based on the initial 10-min normoxic period. Black bars indicate DPI treatment 
during normoxia (open circles), and hypoxia (black squares). Asterisks indicate significant differences from 
initial normoxic values (p < 0.05; Two-way ANOVA with Holm-Šídák multiple comparisons test). Data are 
presented as mean ± SEM. 
 

Discussion 
We measured fluctuations in ROS levels following 
pharmacological inhibition of three key ROS 
generators (XOR, NOX, and mitochondrial complex 
I) during normoxia and hypoxia to determine their 
relative contributions to ROS homeostasis in naked 
mole-rat cortex. We report two key but 

unexpected findings. First, inhibition of XOR during 
normoxia leads to a substantial increase in O2•-, 
whereas inhibition of mitochondrial complex I or 
NOX during normoxia did not induce any 
fluctuations in ROS. Second, inhibition of each ROS 
generator during hypoxia elevates O2•- levels, with 
XOR inhibition eliciting a greater increase in O2•- 
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than inhibition of mitochondrial complex I or NOX; 
and NOX inhibition leading to decreased H2O2 
levels in hypoxia. Thus contrary to our initial 
hypothesis, our findings suggest that XOR plays a 
more substantial role in ROS generation in naked 
mole-rat brain than does mitochondria complex I 
and NOX.   
 
Normoxic inhibition of xanthine oxidoreductase, but 
not mitochondrial complex I, induces large 
fluctuations in O2•-. Of the three ROS generators 
manipulated in our study, only pharmacological 
inhibition of XOR induces a substantial increase in 
O2•- in the normoxic naked mole-rat cortex, 

whereas H2O2 remains relatively unchanged. 
Conversely, pharmacological inhibition of 
mitochondrial complex I or NOX during normoxia 
does not induce substantial fluctuations in ROS 
production in cortex (Fig. 4 and see below). These 
observations are unlike previous studies in hypoxia-
intolerant rodent brains which report that XOR 
usually produces ROS as a by-product of purine 
catabolism and is not a primary contributor to ROS 
generation during normoxia in mouse (Mus musculus) 
brain31,58. Indeed, pharmacological inhibition of 
XOR with oxypurinol administration is not 
neuroprotective in neo-natal rat pups following 
ischemic insult59.  

 

 
Figure 4. Fluctuations in A) hydrogen peroxide (H2O2) and B) superoxide (O2•-) production from initial 
normoxic values following normoxic and hypoxic inhibition of generators in cortex of naked mole-rats. 
Rot=Rotenone, Oxyp=Oxypurinol, DPI=Diphenyleneiodonium. Letters indicate significant difference 
between oxygen levels and drug treatments (p < 0.05; Two-way ANOVA with Holm-Šídák multiple 
comparisons test). Data presented as differences between mean values ± SEM within each condition. 
 
Importantly, in addition to producing hypoxanthine, 
XOR also produces uric acid, which helps maintain 
antioxidant capacity60, and which has been 
suggested to have neuroprotective antioxidant 
properties in cultured rat hippocampal neurons61,62. 
Indeed, although uric acid is primarily a waste 
product, it also scavenges O2•-, hydroxyl radicals, 
and singlet oxygen63,64. Uric acid may also prevent 
the degradation of superoxide dismutase, an 
important ROS scavenging enzyme responsible for 
dismutating O2•- into less harmful H2O265. As such, 
inhibiting XOR may deprive cells of an important 
purine and compromise ROS scavenging capacity, 
which may explain the large increase in O2•- we 
observe following application of oxypurinol. 
Further investigations into the roles of XOR and uric 
acid in brain ROS homeostasis are warranted.   
 
The absence of fluctuating ROS levels in naked 
mole-rat cortex following complex I inhibition also 

differs from previous reports in hypoxia-intolerant 
rodent brain. For example, application of rotenone 
during normoxia leads to elevated ROS production 
in mouse brain66-69. One potential explanation for 
this discrepancy is that naked mole-rat brain 
mitochondria have an enhanced ROS scavenging 
capacity relative to hypoxia-intolerant species45. It 
is possible that naked mole-rat brain mitochondria 
avoid excess ROS production, even during rotenone 
application, through similarly improved scavenging 
capacity. Similarly, our results we present here and 
previous work suggest that NOX is not a major ROS 
generator in naked mole-rat brain70, unless NOX is 
recruited as part of an immune response or for 
protein folding and steroid biosynthesis35,37,38.  
 
Hypoxic inhibition of xanthine oxidoreductase 
induces the largest fluctuation in reactive oxygen 
species. While inhibiting each source of ROS 
generation during hypoxia led to significant 
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fluctuations in both H2O2 and O2•-, hypoxic inhibition 
of XOR induced a comparatively greater increase 
in O2•-, while H2O2 was maintained (Fig. 4). As with 
our normoxic results, this observation is in stark 
contrast to previous reports on brains of hypoxia-
intolerant rodents. For example, although XOR-
generated ROS does increase in rat hippocampal 
and cortical neuronal cultures when exposed to 
OGD, this contribution to total cellular ROS 
generation is less than the contributions of 
mitochondria and NOX34. Similarly in mouse brain, 
XOR partially contributes to O2•- generation during 
hypoxic or ischemic conditions, but XOR expression 
is low compared to other tissues58. Moreover, 
oxypurinol administration is not  neuroprotective 
following ischemic insult in neo-natal rat pups, 
suggesting a negligible contribution of XOR to 
deleterious ROS production in hypoxic brain59. 
Similarly, XOR-generated ROS does not appear to 
be involved in the activation of apoptosis following 
in-vivo hypoxia-ischemia exposure in rabbit 
(Oryctolagus cuniculus) brain71. Unfortunately, XOR 
and its purine catabolites have not been 
investigated in the brains of naked mole-rats. 
However, naked mole-rats have been reported to 
metabolize fructose for glycolysis in severely 
hypoxic or anoxic conditions72. Xanthine can be 
produced during fructose metabolism, which may 
fuel XOR activity and further provide the hypoxic 
naked mole-rat brain with uric acid to bolster 
antioxidant capacity73. Future studies investigating 
this possible link are warranted.  
 
Hypoxic inhibition of mitochondrial complex I 
yielded significant fluctuations in both H2O2 and 
O2•-, albeit to a lesser degree than both XOR and 
NOX (Fig. 4). Many hypoxia-tolerant animals have 
adaptions that mediate the potentially lethal 
accumulation of oxidative damage by decreasing 
or sustaining (i.e., avoiding increases in) 
mitochondrial ROS generation during low-oxygen 
conditions44. For example, permeabilized ventricles 
fibres of the hypoxia-tolerant epaulette shark 
(Hemiscyllium ocellatum) produce 50%-25% less 
H2O2 than those of the hypoxia-intolerant 
shovelnose ray (Aptychotrema rostrata) during 
normoxic conditions and after acute hypoxic 
exposure (2 h at 2 and 3 kPa O2, respectively)42. 
Similar adaptations have been found in the thoracic 
muscles of hypoxia-adapted fruit flies (Drosophila 
melanogaster)74, skeletal muscle of deer mice 
(Peromyscus maniculatus)50, and in the liver of killifish 
(Fundulus heteroclitus)47. Naked mole-rats fit in this 
general pattern of constraining ROS surges during 
hypoxia. Compared to mice, naked mole-rats have 
a ~75% lower basal metabolic rate, produce less 
mitochondrial ROS in normoxia, further reduce 
brain respiratory flux through the ETS by nearly 

90% during hypoxia, and naked mole-rat cortex 
does not exhibit fluctuations in mitochondrial O2•- 
during hypoxia40,75-77. Thus, our results suggest that 
limiting perturbations in cortical mitochondrial ROS 
production plays a role in maintaining ROS 
homeostasis. 
 
Finally, and unlike in other hypoxic experiments, 
pharmacological inhibition of NOX with DPI 
unexpectedly induces a substantial decrease in 

H2O2, and a contrasting increase in O2
•- during 

hypoxia (Fig. 4). While NOX is responsible for 
some H2O2 production, the primary form of ROS 
produced by NOX is O2•-57,78. A reperfusion-
mediated burst in ROS following hypoxic exposure 
is also attributed to NOX34,79, however a succinate-
driven mitochondrial mechanism has also been 
proposed as the primary source of ROS surges 
during reperfusion26. Thus, our understanding of the 
source of this reperfusion-mediated burst in ROS 
remains inconclusive. Treatment with DPI during 
ischemia diminishes O2•- upon reperfusion in rat 
neuronal cultures, and ischemic lesion size in rat 
brains34,80,81. Conversely, we observe only a 
contrasting increase in O2•- during hypoxic 
application of DPI and a non-significant decrease 
during normoxic application. Regardless of what 
mechanism may drive this reperfusion-mediated 
ROS burst, neither our previous nor current findings 
support the presence of any ROS burst upon 
reperfusion in naked mole-rat cortex40. In line with 
our predictions, and when compared to XOR and 
mitochondrial complex I, NOX at least partly 
contributes to hypoxic ROS generation. However, 
our results overall do not align with previous 
literature and suggest a greater role of XOR in ROS 
generation in naked mole-rat brain.  
 
Study limitations and future directions. Our study 
relies on pharmacological tools, which can elicit 
unexpected and off-target effects. For example, 
DPI is a broad flavoprotein inhibitor that potently 
targets all NOX isoforms by covalently bonding to 
the flavin adenine dinucleotide domain, effectively 
mediating the production of O2•- via electron 
transfer to O257,78,82. The O2•- that would otherwise 
be produced by NOX is then quickly dismutated 
into H2O2. As such, inhibition of NOX with DPI may 
attenuate H2O2 production and concomitant hypoxic 
exposure may exacerbate this drop in H2O2. Our 
observations are consistent with this proposed 
mechanism. However, DPI can also interact with 
other flavoprotein-containing enzymes such as nitric 
oxide synthase, XOR, and mitochondrial complex 
I83-85. Furthermore, DPI may bind to the same site of 
mitochondrial complex I as rotenone21,83. If DPI is 
inhibiting mitochondrial complex I in addition to 
NOX in naked mole-rat cortex, this may explain the 

https://esmed.org/MRA/index.php/mra/article/view/4857


  

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/4857 9 

Sources of ROS in naked mole-rat brain 

similar trends observed between hypoxic 
application of DPI and rotenone on O2•- 
homeostasis. However, some fluctuations we 
observed during DPI application are unlike those 
resulting from rotenone or oxypurinol treatments, 
suggesting that this is unlikely. Alternatively, NOX 
inhibition with DPI may shunt NADPH to GSH and 
Trx-dependent ROS scavenging pathways, 
effectively attenuating ROS production while 
simultaneously promoting ROS scavenging.  
 
Conclusions. Naked mole-rats are remarkably 
hypoxia-tolerant mammals. Given the central role 
of excessive ROS generation in hypoxic brain cell 
death, the ability of naked mole-rat brain to 
maintain ROS homeostasis is likely a fundamental 
pillar in their ability to withstand intermittent and 
severe hypoxia. We set out to determine the 
relative contributions of the primary cellular ROS 
generators to normoxic and hypoxic ROS 
production in naked mole-rat brain. Contrary to our 
hypothesis, and unlike in the brains of most hypoxia-
intolerant mammals, mitochondrial ROS homeostasis 
was the least perturbed in both normoxic and 
hypoxic conditions. Instead, pharmacological 
inhibition of XOR yielded the most substantial 
fluctuations in ROS during both normoxic and 
hypoxic treatments in naked mole-rat cortex. These 

findings highlight the interconnectivity of ROS-
mediated adaptations to hypoxia, and how 
multiple systems may contribute to improved ROS 
homeostasis in species adapted to environments 
with varying oxygen availability.  
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