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Within an individual colony, only 1 female and 1–3 males 

are responsible for breeding. The other adults fall into one of 

two castes, which are often referred to as a soldier caste and 

a worker caste, each displaying a different set of behavioral 
activities (Holmes and Goldman 2021). It should be noted 

that there is some controversy over the division of labor 

between these casts (see Gilbert et al. 2020 for a review). 

The social structure of naked mole-rats is often referred 

to as eusocial because it resembles the social structure of 

social insects. Since the initial publication about naked 

mole-rats living in a eusocial structure (Jarvis 1981), they 

have become a valuable model animal for scientists study-

ing many aspects of social behavior (Holmes and Goldman 

2021).

In addition to extreme sociality, naked mole-rats display 

a number of other fascination traits. They are extremely 

long lived (Ruby et al. 2018). In many ways they are het-

erothermic, taking on the temperature of their environment 

(Buffenstein et al. 2021 ; Buffenstein and Craft, 2021). They 

are extraordinarily resistant to cancer (Delaney et al. 2021). 

Introduction

Naked mole-rats are subterranean rodents native to parts 

of East Africa. They initially garnered attention because of 

their extreme sociality (Jarvis 1981). They live in under-

ground colonies that can include up to 300 members. In the 

laboratory setting, they are well known to gather together in 

large numbers, literally piling on top of each other (Fig. 1). 
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Abstract

Challenging environmental conditions can drive the evolution of extreme physiological traits. The naked mole-rat has 
evolved to survive and thrive in a low oxygen, high carbon dioxide environment that would be deadly to humans and 

most other mammals. The naked mole-rat’s lifestyle is unusual in that this species combines subterranean living and living 

in large, social groups of up to 300 + individuals. Many respiring animals in a closed environment can lead to depletion 
of oxygen (hypoxia) and accumulation of carbon dioxide (hypercapnia). Naked mole-rats display a variety of physiologi-

cal traits that negate the adverse effects of living in this atmosphere. For hypoxia tolerance, naked mole-rats have a low 
resting metabolism, high affinity hemoglobin, intrinsic brain tolerance, the ability to use fructose for anaerobic glycolysis, 
and the ability to enter a low energy, suspended animation-like state. For hypercapnia tolerance, these animals have a 

mutation in a voltage gated sodium channel that effectively eliminates neuronal responses to tissue acidosis. In other mam-

mals, acidosis from exposure to high concentrations of carbon dioxide induces pain and pulmonary edema. Understanding 

these mechanisms of extreme physiology is not only inherently interesting, but it may lead to biomedical breakthroughs 

in research on heart attacks, strokes, and pain pathologies.
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Extreme Hypoxia Tolerance

Low temperature, low metabolic rate, and high 
affinity hemoglobin

Naked mole-rats employ at least two mechanisms to con-

serve oxygen-dependent energy. The first mechanism 
involves a reduced generation of body heat when they are 

within their thermoneutral zone (reviewed in Buffenstein et 
al. 2021; Buffenstein and Craft, 2021). Within their equato-

rial burrows, naked mole rats can find a desirable ambient 
temperature by moving to different depths of the burrow as 
the surface of the earth heats and cools over the course of 

the day and night (Jarvis 1990). In other words, they can 

behaviorally thermoregulate. Holtze et al. (2017) found that 

burrow temperatures range over 24.6–48.8 °C.
Other mammals use physiological thermoregulation and 

expend a huge amount of energy to maintain their desired 

body temperature (Cannon and Nedergaard 2011). Hence, 

by favoring behavioral thermoregulation, naked mole-rats 

greatly reduce their need for oxygen-dependent energy 

(Buffenstein and Yahav 1991). Interestingly, in the labora-

tory, naked mole-rats exposed to cool temperatures (e.g. 20 

degrees C) attempt to physiologically thermoregulate. How-

ever, they are unable to maintain their preferred temperature 

(Oiwa et al. 2020). Also interesting, within captive colonies 

maintained within their thermoneutral zone, naked mole-

rats regulate their body temperatures within 1 degree C by 
huddling together (Yahav and Buffenstein, 1991). Another 

way that naked mole-rats behaviorally respond to hypoxia 

is that they progressively reduce activity in response to pro-

gressively more severe hypoxic atmospheres, presumably to 

save energy (Ilacqua et al. 2017).

Their second energy saver involves the naked mole-rat’s 

reduced resting metabolic rate, about 2/3rds that of similar-

sized rodents (Buffenstein and Yahav 1991). In addition 

to these oxygen conserving mechanisms, naked mole-rats 

have very high affinity hemoglobin that can bind oxygen 
molecules in hypoxic environments that would be fatal to 

humans (Johansen et al. 1976).

Intrinsic brain tolerance to hypoxia

Naked mole-rats demonstrate intrinsic brain tolerance to 

hypoxia. This was shown in experiments with hippocampal 

brain slices (Larson and Park 2009). Figure 2 shows hippo-

campal slices in the recording chamber. Note that 95% O2 

is used in the bath and atmosphere of the chamber, which is 

the standard for brain slice experiments.

Figure 3 shows the key results of that study. Figure 3 A 

shows the effects of exposing slices to 30 min of 15% O2 

after achieving a stable baseline in 95% O2. The graph 

They are insensitive to certain types of pain, like pain from 

acid and capsaicin (Lewin et al. 2021). Finally, they are 

extremely tolerant to oxygen deprivation (Park et al. 2021).

The last two traits – insensitivity to acid pain and toler-

ance to oxygen deprivation – will be the focus of the cur-

rent review article. Both traits are almost certainly related 

to the atmosphere in which this species has evolved. Living 

in large colonies is a good strategy for successfully find-

ing widely dispersed tubers (something like a very large 

potato). In their East African subterranean environment, 

a small colony would be more challenged by burrowing 

through the soil to find food. However, large colonies can 
divide up into multiple digging teams, and then share the 

food when one team finds a tuber (food-aridity hypothesis; 
Bennett and Faulkes, 2000). However, there is a substan-

tial negative side effect of many respiring mammals living 
together in an unventilated burrow depleted of oxygen (O2) 

and high in accumulated carbon dioxide (CO2) (Bennett and 

Faulkes, 2000). Depletion of O2, also known as hypoxia, 

is a challenge for generating enough energy to supply all 

the cells in the body. Accumulation of CO2, also known as 

hypercapnia, is a challenge because the related tissue acido-

sis is painful to the eyes and upper respiratory tract, and it 

is a trigger for pulmonary edema and asphyxiation. Naked 

mole-rats have a number of extreme physiological traits that 

allow them to deal with these harsh conditions.

It is important to note that Holtze et al. (2017) found 

that O2 and CO2 concentrations in naked mole-rat tunnels 

were very similar to those of the surface atmosphere. Those 

authors also suggested that hypoxic and hypercapnic condi-

tions may well be a challenge in communal nest chambers 

where up to hundreds of individuals huddle together. Zions 

et al. (2020) showed that captive naked mole-rats spend 

more than 70% of there time in the nest chamber, which is 

substantial.

Fig. 1 Naked mole-rats spend a great deal of time piled together in 

communal nest chambers (Zions et al. 2020). This photograph is from 

a colony at the University of Illinois at Chicago
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amplitude for various O2 concentrations, and Fig. 3D shows 

the percentage of slices that were able to recover from expo-

sure to each O2 concentration. Clearly, the slices from naked 
mole-rat demonstrated significantly higher tolerance and 
higher recovery rate from hypoxia compared to slices from 

mouse.

Figure 3E shows the effects of exposure to zero O2 

(anoxia). In this situation, functionality for the slice from 

naked mole-rat declined much slower than functionality for 

the mouse. Remarkably, the slice from naked mole-rat, but 

not mouse, recovered after O2 levels were restored. Fig-

ure 3 F shows the duration of 0% O2 exposure required to 

reach total loss of function (termed anoxic depolarization, 

AD) for mouse (MSE) and naked mole-rat (NMR). Data is 
shown for two bath temperatures. 35° C, which is close to 
mouse body temperature, and 30° C, which is close to naked 
mole-rat body temperature. In both cases, slices from naked 

shows the amplitude of evoked field potentials triggered 
by a stimulating electrode. The stimulus and corresponding 

response took place every 20 s, and slices from mouse and 

naked mole-rat were tested side-by-side. The two example 

curves are from a mouse (open circles) and a naked mole-rat 

(NMR, closed circles) tested in the same bath solution. The 
horizontal bar labelled “15% O2” corresponds to the time 

when the O2 supply was changed from 95 to 15%. Exposure 

to 15% O2 caused the curve from the mouse to decline, indi-

cating reduced synaptic function. Synaptic function recov-

ered after 95% O2 was restored. The curve from the naked 

mole-rat was unaffected.
Figure 3B is in the same format as Fig. 3 A except that 

the period of hypoxia was more severe with only 10% O2. 

In this case, the slice from mouse completely lost function 

and did not recover. The slice from naked mole-rat declined 

in function but recovered after the hypoxic exposure. Fig-

ure 3 C shows the averaged decrease in evoked potential 

Fig. 2 Hippocampal brain slices are pictured in a recording chamber where the concentration of O2 in the bath and atmosphere are precisely con-

trolled. Stimulating and recording electrodes are positioned to generate and record evoked potentials (the summed activity of many neurons). The 

inset shows an example evoked potential. The initial, brief downward deflection is the stimulus artifact and indicates when the slice was stimu-

lated. The large downward deflection is the evoked potential. Photo credit Thomas Park
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naked mole-rats reduce calcium entry into cells to achieve 

tolerance to hypoxia.

Reduced intracellular calcium accumulation from 
hypoxia

Subsequent experiments using calcium imaging showed 

that hippocampal cells from naked mole-rats displayed 

much less intracellular calcium from hypoxia compared to 

cells from mice (Fig. 4B,C). The bars in Fig. 4B indicate 

the average percent change in calcium-mediated fluores-

cence, with negative values corresponding to an increase 

in calcium (calcium decreases the fluorescent signal). An 
example from one experiment is shown in Fig. 4 C., which 
displays hippocampal cells before (top) and during (bottom) 

hypoxia.

Whole animal tolerance to hypoxia and anoxia

The previous findings – reduced need for physiological 
thermoregulation, reduced resting metabolic rate, hemoglo-

bin with a high affinity for O2, and intrinsic brain tolerance 

to hypoxia – set the stage for testing the whole animal. Test-

ing whole animals revealed that naked mole-rats were many 

times more tolerant to both hypoxia and anoxia compared 

to mice (Park et al. 2017). Figure 5 shows the results of 

testing naked mole-rats and mice in atmosphere chambers 

where O2 concentrations were precisely controlled. Fig-

ure 5 A illustrates the similarity in size of a mouse and a 

naked mole-rat. Figure 5B shows the results of testing mice 

and naked mole-rats in hypoxia (5% O2). On average, the 

mice did not survive more than 12 min whereas the naked 

mole-rats were able to survive for 5 h. This experiment was 

arbitrarily stopped at the 5-hour point.

The results from testing animals in anoxia (0% O2) are 

shown in Fig. 5 C. During anoxia, both the mice and the 
naked mole-rats lost consciousness and ceased voluntary 

mole-rats retained functionality significantly longer than 
slices from the mice.

Upregulated expression of GluN2D, which is usually 
associated with hypoxia tolerance in neonates

One factor likely contributing to intrinsic hypoxia toler-

ance in naked mole-rat brain is the high expression level of 

GluN2D in adults of this species. Hypoxia and the related 

decline in energy trigger a cascade of cellular processes 

resulting in most NMDA-type calcium channels opening 
which allows toxic levels of calcium into the cells (Peter-

son et al. 2012b and references therein). Brain cells from 

neonates lessen this effect because they express a substan-

tial number of NMDA channels containing the 2D subunit 
(GluN2D), which open much less during hypoxia (Bickler 

et al. 2003). In most mammals, the expression of GluN2D 

decreases precipitously postnatally (Laurie et al. 1997). 

Peterson et al. (2012b) found that adult naked mole-rats 

retain 66% of neonatal levels of GluN2D whereas adult 

mice only retain 13% of neonatal levels (Fig. 4 A).

NMDA-type calcium channels open when glutamate 
binds to them. Interestingly, Cheng et al. (2022) found that 

overall levels of glutamate decrease significantly in the 
brain of naked mole-rats exposed to hypoxia compared to 

mice. Decreasing glutamate levels is likely another way that 

Fig. 4 Retention of GLuN2D and reduced intracellular calcium from 

hypoxia in naked mole-rats. A. The bars show the percent of GLuN2D 

retained into adulthood for mice and naked mole-rats. This panel is 

from Peterson et al. (2012b). B. Florescent imaging results are shown 

for hippocampal cells from young (post-natal day 6, P6) and adult-like 

(post-natal day 20, P20) mice and naked mole-rat. Both ages of mice 

showed more intracellular calcium from hypoxia compared to naked 

mole-rats. Note that more negative values correspond to more calcium. 

C. Example data from one experiment. Panels B and C are from Peter-
son et al. (2012a)

 

Fig. 3 Intrinsic hypoxia tolerance in hippocampal brain slices from 

naked mole-rats compared to slices from mice. A and B, example 

curves from slices transiently exposed to 15% and 10% O2, respec-

tively. C and D, summary data from naked mole-rat slices (n = 25) and 

mouse slices (n = 48). E, example curves from slices exposed to zero 

O2. F, time to complete loss of function during exposure to zero O2. 

Please see text for detail. This figure is from Larson and Park (2009)
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in normoxia to about 50 beats per minute in anoxia. The 

average heart rate for naked mole-rats remained remark-

ably stable for the duration of the anoxia exposure, and then 

when the atmosphere was returned to normoxia, the heart 

rate gradually returned to baseline over the next 20 min. The 

end point of this experiment was when each naked mole-

rat righted itself and walked off of the electrocardiogram 
contact pads.

Figure 6 C shows electroencephalography (EEG) data 
from a different cohort of naked mole-rats. Recordings 
were made in normoxia for 20 min prior to anoxia (-20 to 

0 on the x-axis). In normoxia, brain activity was robust and 

quite variable. However, when the animals were exposed to 

anoxia, activity became extremely reduced (time 0 to 10 on 

the x-axis). The inset shows an expanded view of the time 

when they were in anoxia. Above the graph is an example 

EEG trace from one animal.

Cessation of voluntary movements and greatly reduced 
respiration rate, heart rate, and brain activity are reminis-

cent of a state called suspended animation (Blackstone et 

al. 2005; Blackstone and Roth, 2007), where biological 

functions are slowed to preserve physiological capabilities 

(Safar et al. 2000). This idea is consistent with the finding 
that naked mole-rats suppress their metabolism by up to 

85% in acute severe hypoxia (Pamenter et al. 2018). The 

ability to go into a suspended animation state should be a 

great benefit to naked mole-rats for conserving energy dur-
ing times of very low oxygen availability.

Metabolic re-wiring

In order to sustain even the most minimal heart and brain 

function (Fig. 6), tissues demand energy in the form of ATP, 

movements in about 30 s. Respiration attempts were moni-

tored, and an animal was removed from the atmosphere 

chamber if there was no respiration attempt for 20 s for mice 

or 60 s for naked mole-rats. On average, the mice made their 

last respiration attempt after about 40 s into the exposure, 

whereas the naked mole-rats made their last respiration 

attempt after about 240 s (4 min). Remarkably, all of the 

naked mole-rats survived, even after an additional minute 

under anoxia, whereas none of the mice survived a much 

shorter exposure.

The experiments described above showed that naked 

mole-rats could survive 5 min of exposure to anoxia (4 min 

to the last breath plus an additional minute before they were 

returned to room air (normoxia)). However, the next set 

of experiments revealed that 5 min was an underestimate 

of their capabilities. For the next experiments, respiration 

rate and heart rate were recorded, and naked mole-rats were 

exposed to anoxia for either 10, 18, or 30 min. Figure 6 A 

shows the results for respiration rate from the 18-minute 

exposure. The data is represented as average number of 

breaths per 10 s intervals. Respiration rate declined precipi-

tously within the first few minutes of exposure, remained 
very low during the exposure, and then increased slowly 

when the atmosphere was returned to normoxia.

During these experiments, heart rates were simultane-

ously recorded from the same animals using an ECGenie 
recording system (Mouse Specifics, Inc.) where the ani-
mal’s feet were placed onto a platform with embedded elec-

trode pads. Figure 6B shows average heart rate data from 

naked mole-rats and mice. For mice, the amplitude of the 

electrocardiogram trace declined into the noise after about 

6 min in anoxia. In contrast, the average heart rate for the 

naked mole-rats declined from about 200 beats per minute 

Fig. 5 In vivo (whole animal) exposure to hypoxia (5% O2) and anoxia (0% O2) showed that naked mole-rats were extremely tolerant to these 

conditions compared to mice. Please see text for details. This figure is from Park et al. (2017)
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metabolism under hypoxia seems therefore to be depen-

dent on fructose availability rather than ability to transport 

and metabolize it. Indeed, increase in fructose and sucrose 

occurred only under low oxygen conditions. Under nor-

moxic conditions, the levels of fructose and sucrose were 

very similar between mouse and naked mole-rat in all tis-

sues tested.

Glucose is initially metabolized by the glycolytic path-

way. Phosphofructokinase (PFK1) is the most critical 

regulatory enzyme in glycolysis, allosterically inhibited 

by ATP, citrate and lactate (Costa Leite et al. 2007; Kemp 

and Foe 1983). Under hypoxia, as lactate accumulates due 

to anaerobic glycolysis, PFK1 enzyme becomes inhibited 

leading to a slowing down of glycolytic flux and limiting 
the supply of ATP and glycolytic intermediates. Under these 

conditions, utilization of fructose as opposed to glucose 

can become beneficial to the cell. Fructolysis circumvents 
PFK1 inhibition by diverting metabolism towards the KHK 

enzyme which phosphorylates fructose to fructose-1-phos-

phate (F1P). F1P in turn is catalyzed to Dihydroxyacetone 

phosphate (DHAP) and Glyceraldehyde (GA) which enter 

glycolysis at a step downstream of the PFK1 enzyme 

(Fig. 7 C). The metabolism of fructose, unlike glucose is 
therefore an unchecked process, independent of the energy 

or metabolic state of the cell, enabling the cell to continue to 

attain ATP and glycolytic intermediates. A secondary advan-

tage of fructose utilization has recently been demonstrated 

in APC−/− tumor cells (Goncalves et al. 2019). Because the 

KHK enzyme has a very fast kinetic and is unregulated, 

the initial phosphorylation of fructose as it enters the cell 

depletes ATP dramatically. This manifests in a short relief of 

PFK1 inhibition, promoting glycolytic flux from glucose to 
generate sufficient ATP and glycolytic intermediates for cel-
lular growth and maintenance (Van Den Berghe et al. 1977; 

Johnson et al. 2020; Mirtschink et al. 2018). The effect of 
fructose on glucose metabolism has not yet been investi-

gated in the naked mole-rat however it is possible that simi-

lar to what was found in cancer, fructose may be relieving 

the block on glucose uptake and metabolism allowing for a 

greater glycolytic flux which would be advantageous under 
low oxygen conditions.

In a recent study, Hadj-Moussa et al. (2021) reported a 

downregulation in both Glut5 and Khk protein in the brain 

of naked mole-rats 4 h post-hypoxia at 7% oxygen. Further-

more, Khk was predicted to be a target of a differentially 
expressed miRNA (miRNA365) which was upregulated 

under hypoxia. Whether or not the downregulation of Glut5 

and Khk protein observed in this study results in a reduction 

of fructose uptake or metabolism in the brain under hypoxia 

is yet undefined since neither of these parameters were 
examined in the study (Hadj-Moussa et al., 2021). Further 

studies need to be done to examine whether different grades 

which is primarily generated via the glycolytic pathway or 

oxidative phosphorylation in the mitochondria. When oxy-

gen is limited, ATP can be generated via anaerobic glycoly-

sis, a process far less efficient but circumventing the need 
for oxygen. Metabolite analysis in various tissues and blood 
in the naked mole-rat revealed an unexpected finding. When 
exposed to an atmosphere with low or no oxygen the naked 

mole-rat activates the synthesis and utilization of fructose 

and sucrose (Fig. 7 A). Sucrose (a disaccharide composed 

of fructose and glucose) and fructose accumulated to high 

levels in the blood and tissues in the naked mole-rat exclu-

sively under hypoxia. These metabolites were not detected 

in mouse tissue undergoing a similar hypoxic challenge. 

To support the idea that naked mole-rats switch to fructose 

metabolism, fructose-1-phosphate, a metabolite specific to 
fructose metabolism was also detected (Park et al. 2017). 

These findings suggested that in response to low oxygen, 
naked mole-rats are able to produce fructose in tissues such 

as liver and kidney, export this metabolite into circulation 

and deliver it to vital organs such as the brain and heart 

where it is used in glycolysis to generate ATP.

Fructose metabolism is largely limited to several tis-

sues in most mammals, primarily the liver, kidney and 

intestine. This is due to restricted expression of the fruc-

tose transporter GLUT5 (Km = 6mM) and the less efficient 
transporter GLUT2 (Km = 11mM) (Hannou et al. 2018), as 

well as fructolytic enzymes fructokinase (KHK), aldolase 

reductase (ALDOB and C) and triokinase (TKFC) (Hannou 
et al. 2018). In contrast to mice and humans, naked mole-

rats express high levels of Glut5 and Khka and Khkc mRNA 

across all tissues (Park et al. 2017) (Fig. 7B). Surprisingly, 

high expression of fructose-specific genes was observed in 
tissues from animals exposed to chronic normoxia suggest-

ing that the naked mole-rat transcriptome is remodeled to 

enable efficient fructose uptake and utilization at all times 
and is not regulated by oxygen levels. Enhanced fructose 

Fig. 6 Physiological responses to 

anoxia. A and B. Average respira-

tion rate (A) and average heart rate 

(B) dramatically decreased during 

18 min of anoxia (N = 3). The red bar 

on the X-axis corresponds to when 

the animals were exposed to anoxia. 

These figures are from Park et al. 
(2017). C. EEG data shows that aver-

age brain activity also dramatically 

decreased during anoxia (N = 3). This 

figure is from Park et al. (2021)
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of CO2: 2.5%, 5%, and 10%. Mice and naked mole-rats 
were placed into a rectangular arena where they were free 

to move around. One end of the arena was infused with a 

given concentration of CO2 while the other end was infused 

at the same rate with room air. The researchers measured 

how much time each animal spent within 10 cm of both 

ends of the arena. The results showed that mice avoided all 

three concentrations of CO2, whereas the naked mole-rats 

only avoided the highest concentration, 10% CO2 (Fig. 8). 

This result is consistent with physiological data showing 

that naked mole-rats do not develop systemic acidosis from 

inhaled CO2 levels below 10% whereas mice develop sub-

stantial systemic acidosis at 1% (Park et al. 2017).

of hypoxia elicit unique adaptive metabolic responses in the 

naked mole-rat.

Extreme Hypercapnia Tolerance

Thus far, we have focused on hypoxia tolerance in the naked 

mole-rat, an example of extreme physiology related to 

evolving in a hypoxic atmosphere (at least in the nest cham-

ber). The reason that the naked mole-rat burrow atmosphere 

is hypoxic is that many respiring animals in an unventilated 

burrow system deplete oxygen. The flip side of many respir-
ing animals in the unventilated burrow system is accumula-

tion of CO2. Breathing elevated concentrations of CO2 is 

problematic for several reasons including that it triggers tis-

sue acidosis, pain, and pulmonary edema (Anton et al. 1992; 

Conlee et al. 2005; Lee and Pisarri 2001; Park et al. 2017; 

Russell et al. 1984). Naked mole-rats have evolved putative 

adaptations (A.K.A. extreme physiology) to deal with these 

challenges.

Reduced behavioral aversion to CO2 and other 
painful fumes

The air that we breathe has a very low concentration of 

CO2, about 0.03%. In behavioral tests, Park et al. (2017) 

measured avoidance behavior to higher concentrations 

Fig. 8 Behavioral avoidance to CO2. The bars correspond to time spent 

near a CO2 source versus time near a room air source. Mice (top pan-

els) avoided all three concentrations of CO2 tested (2.5%, 5%, 10%), 

while naked mole-rats (bottom panels) only avoided the highest con-

centration (10%). This data is from Park et al. (2017)

 

Fig. 7 Switch to fructose metabolism under hypoxia. A. A chromatogram showing a fructose peak in the naked mole-rat under normoxic conditions 

(black) and its increase under anoxic conditions (red). This panel is from Park et al. (2017) (B) Level of Glut5 transcript is over 10-fold higher in 

the naked mole-rat heart compared to the mouse but its level of expression is unchanged under hypoxia. This panel is from Reznick et al. (2021). 

(C) Differences between fructose and glucose metabolism. Fructose is transported into the cell by the fructose-specific transporter GLUT5 whereas 
glucose enters the cell via other transporters including insulin-independent GLUT1 and insulin-dependent GLUT4. Fructose is phosphorylated 

by fructokinase (KHK) to generate fructose-1-phosphate (F1P), which consumes ATP and phosphate. F1P is then cleaved to glyceraldehyde (GA) 

and dihydroxyacetone phosphate (DHAP) by aldolase B or C (AldoB and C) after which the metabolism of glucose and fructose converge. Unlike 
glycolysis, fructolysis bypasses phosphofructokinase (PFK1), a rate-limiting step in glycolysis, to bypass the feedback inhibition at PFK1. PFK1 

is a rate-limiting enzyme of glycolysis and its activity is blocked by high levels of ATP, citrate and low pH. KHK is much faster than hexokinase 

(HK) in phosphorylating its substrate thus leading to rapid ATP depletion and phosphate consumption. This relieves the blockade at PFK1 and 

increases glucose uptake and metabolism
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Lack of inflammatory and chemical pain

Hi levels of CO2 cause acidosis of the tissues, which in turn 

cause pain in the upper respiratory tract and pulmonary 

edema in the lungs. Both are mediated by a population of 

sensory nerves called C-fibers. C-fibers are unmyelinated 
pain fibers that not only transmit pain signals to the cen-

tral nervous system (Smith and Lewin 2009), but they can 

release neuropeptides at the peripheral site of stimulation, 

which cause vasodilation and edema (Lee and Pisarri 2001). 

C-fibers are not restricted to the upper respiratory tract and 
lungs, rather they are found in many organs including the 

skin.

In the skin, C-fibers from naked mole-rats are completely 
insensitive to acid (Park et al. 2008; Smith et al. 2011). Fig-

ure 11 shows electrophysiological data from naked mole-

rat C-fibers stimulated with acidic saline as well as another 
irritant, capsaicin, which is the spicy ingredient found in 

chili peppers. Figure 11 also shows behavioral responses to 

skin injections of acid and capsaicin solutions. Figure 11 A 

shows an example trace from a single C-fiber stimulated by 
capsaicin solution. Capsaicin elicited a barrage of action 
potentials, similar to what is seen in other species (Eigen-

brod, 2019). Summary data from a population of C-fibers 
are shown in Fig. 11B, represented as action potentials 

(spikes) per second, showing a robust response to capsaicin. 

In contrast, population data from C-fibers tested with acidic 
saline (Fig. 11 C) show no physiological response.

The next question was, how would naked mole-rats 

respond behaviorally to application of capsaicin and acid 

in the skin? Fig. 11D shows behavioral results from mice 

and naked mole-rats. Animals received an injection of a 

small amount of irritant into the skin of one hind foot. Mice 
showed a robust licking response to both irritants whereas 

naked mole-rats showed virtually no response. It is note-

worthy that naked mole-rats do respond to acute mechanical 

pain (pinch) and acute thermal pain (heat) the same as mice 

and other mammals (Park et al. 2008).

Why are naked mole-rats physiologically and behavior-

ally insensitive to acid? Smith et al. (2011) found that two 

prominent acid receptors (acid-sensing ion channels and 

the transient receptor potential vanilloid-1 ion channel) are 

present and functional in C-fibers from naked mole-rats. 
However, that study went on to show that naked mole-rats 

have a mutation in their voltage gated sodium channel 1.7 

(Nav1.7). In other mammals, Nav1.7 channels are located on 

the axons of pain fibers, and they are critical for propagating 
actions potentials initiated by acid. The mutation in naked 

mole-rat Nav1.7 causes a blockade of action potential when 

protons (acid) are present, but not other irritants such as 

capsaicin. Figure 12 shows a sequence alignment of Nav1.7 

from naked mole-rats and nine other vertebrates. Compared 

In addition to lack of aversion to CO2, a different study 
showed that CO2 concentrations up to 10% did not affect 
movement velocity, distance travelled, or exploration in 

either naked mole-rats or Damaraland mole-rats (Branigan 

et al. 2018).

Also, LaVinka and Park (2012) showed that naked mole-

rats did not avoid ammonia fumes or acetic acid fumes 

(Fig. 9). In addition to mice, this study also used laboratory 

rats and Damaraland mole-rats as comparison species. All 

three of the comparison species significantly avoided both 
ammonia and acetic acid fumes.

Lack of CO2-induced pulmonary edema

As mentioned earlier, CO2 not only causes pain, but it can 

also cause pulmonary edema. To determine if naked mole-

rats were vulnerable to CO2-induced pulmonary edema, 

Park et al. (2017) placed animals into an environment cham-

ber and exposed them to various concentrations of CO2 

for 15 min. Then they quickly removed and weighed the 

lungs (wet weight), then dried the lungs and weighed them 

again (dry weight). This procedure generated a wet-to-dry 

weight ratio. They then calculated the percentage increase 

in the wet-to-dry ratio from CO2 exposure compared to con-

trol (room air) as a measure of pulmonary edema. In other 

words, how much excess fluid was in the lungs from breath-

ing a given concentration of CO2. Figure 10 shows that mice 

are extremely vulnerable to CO2-induced pulmonary edema, 

while naked mole-rats showed no CO2-induced pulmonary 

edema, even at the highest concentration tested, 50% CO2.

Fig. 10 The graph shows pulmo-

nary edema as a function of CO2 

concentration for mice and naked 

mole-rats. The naked mole-rats 

show no pulmonary edema from 

breathing high concentration of 

CO2. This figure is from Park et al. 
(2017)

 

Fig. 9 Behavioral avoidance to 

fumes from 10% ammonia and 

10% acetic acid versus fumes from 

water. Data is from naked mole-rats 

and three comparison species, 

including another African mole-rat 

species, the Damaraland mole-

rat (DMR). This figure is from 
LaVinka and Park (2012)
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virus. The first three data points show that the animals with-

drew both the uninfected foot (labeled No Virus) and the 

infected foot (labeled PPT Virus) after about 12 s of heat 

application. However, when capsaicin was topically applied 

to the skin of the feet after the third data point, the infected 

foot showed robust sensitization from the capsaicin while 

the uninfected foot remained insensitive. Sensitization is 

indicated by the decrease in withdrawal latency. The sensiti-

zation by topical capsaicin of the infected foot is very simi-

lar to data from uninfected rats and mice (Yeomans et al. 
1996). Figure 13 C shows the results for intrathecal injec-

tion of Substance P. Prior to the intrathecal injection, the 

naked mole-rats showed virtually no pain response (licking 

the injection site) from capsaicin injection into the skin of 

the foot (first bar, labeled Pre). However, after the intra-

thecal injection, the animals showed a clear pain response 

(second bar, labeled SP 100µM). Hence pain behavior from 
capsaicin was rescued by introducing Substance P into the 

spinal cord. A similar experiment using acid instead of cap-

saicin as the pain stimulus did not rescue pain behavior (bars 

labeled pH 3.5 injection) because the presence of Substance 

P would not change the way that the Nav1.7 channels are 

disabled by protons (acid).

Prior to 2019, the naked mole-rat was the only known 

mammal that was insensitive to capsaicin and the only 

known vertebrate that was insensitive to acid. However, a 

study by Eigenbrod et al. (2019) identified additional mam-

mals with pain insensitivities. They tested ten African sub-

terranean rodents (Fig. 14) and found two additional species 

that are insensitive to acid, one species that is insensitive 

to capsaicin, and one species that is insensitive to allyl 

isothiocyanate (AITC), the spicy ingredient in wasabi. 
The highveld mole-rat is the species that is insensitive to 

AITC. Interestingly, the highveld mole-rat shares its bur-
rows with the Natal droptail ant, which has venom that acti-

vates the same receptors that respond to AITC, the TRPA1 
receptor. Eigenbrod et al. (2019) showed that pain fibers in 

to all of the other animals, except the microbat, the naked 

mole-rat sequence has a negatively charged EKE motif (star 

in Fig. 12). The charge of this motif is displayed to the right 

of the sequence alignment.

The mutation in naked mole-rat Nav1.7 can account for 

this species’ physiological and behavioral insensitivity to 

acid. However, it cannot account for the naked mole-rat’s 

behavioral insensitivity to capsaicin (and ammonia, Fig. 9). 

Recall that naked mole-rat C-fibers respond to capsaicin 
(Fig. 11 A,B), but intact animals do not react to capsaicin 

injection (Fig. 11D).

It turns out that naked mole-rat C-fibers lack neuro-

peptides (e.g. Substance P) (Park et al. 2003, 2008). The 

C-fibers of most other mammals release neuropeptides 
as well as the excitatory neurotransmitter glutamate at 

their synapses in the spinal cord (Smith and Lewin 2009). 

C-fibers from naked mole-rats only release glutamate. Park 
et al. (2008) showed that introducing one of the neuropep-

tides, Substance P, was sufficient to rescue pain behaviors 
from capsaicin (Fig. 13). Figure 13 A demonstrates the two 

methods of introducing Substance P. One method involved 

infecting one foot with a transgenic herpes virus carrying 

the preprotachykinin (PPT) gene for the neuropeptides that 

naked mole-rats naturally lack. The other method involved 

making intrathecal injections of Substance P into the spinal 

cord. Figure 13B shows latency for foot withdrawal to radi-

ant heat one week after infecting one foot with the herpes 

Fig. 13 Introducing neuropeptides that naked mole-rats naturally lack 

can rescue pain behaviors. A. Neuropeptides were introduced via a 

transgenic herpes virus carrying the PPT gene (top) or via direct injec-

tion into the spinal cord (bottom). B. The PPT virus infected foot was 

enabled to be sensitized by topical application of capsaicin, as seen 

in other animals. C. After intrathecal injection of Substance P, naked 

mole-rats showed pain behaviors to foot injection of capsaicin. This 

data is from Park et al. (2008)

 

Fig. 12 Sequence alignment of Nav1.7 for naked mole-rats and 9 other 

vertebrates. Note the EKE motif, yellow star has a negative charge 

in naked mole-rats (and microbats). This figure is from Smith et al. 
(2011)

 

Fig. 11 Naked mole-rat responses to acid 

and capsaicin. A. This is an example 

trace from a naked mole-rat C-fiber 
before, during, and after application of 

capsaicin solution. B. The graph shows 

averaged C-fiber responses to capsaicin. 
C. The graph shows averaged C-fiber 
responses to acid. D. The bar graphs 

show behavioral responses of mice and 

naked mole-rats to foot injection of acid 

and capsaicin injection
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Summary
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Acknowledgements This project was supported by a grant from the 

NSF to T.J.P. (grant 1655494) and ERC advanced grants to Gary 
Lewin (AdG 789128 and AdG 294678). Data will be made available 

upon request.

Declarations

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 

as long as you give appropriate credit to the original author(s) and the 

source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 

article are included in the article’s Creative Commons licence, unless 

Fig. 14 This figure shows a phylogenetic tree for the 10 African, sub-

terranean rodent species tested for pain insensitivities by Eigenbrod 

et al. (2019). Two species showed insensitivity to capsaicin (X marks 

over the red chili pepper symbols). Three species showed insensitiv-

ity to acid (X marks over the yellow lemon symbols). One species 

showed insensitivity to AITC, (X marks over the wasabi root symbol). 
Mya = million years ago. This figure is from Eigenbrod et al. (2019)

 

1 3



Journal of Muscle Research and Cell Motility

Mirtschink P, Jang C, Arany Z, Krek W (2018) Fructose metabolism, 
cardiometabolic risk, and the epidemic of coronary artery dis-

ease. Eur Heart J 39(26):2497–2505. doi: https://doi.org/10.1093/

eurheartj/ehx518

Oiwa Y, Oka K, Yasui H, Higashikawa K, Bono H, Kawamura 
Y, Miyawaki S, Watarai A, Kikusui T, Shimizu A, Okano H, 
Kuge Y, Kimura K, Okamatsu-Ogura Y, Miura K (2020) Char-
acterization of brown adipose tissue thermogenesis in the 

naked mole-rat (Heterocephalus glaber), a heterothermic mam-

mal. Sci Rep. 2020;10(1):19488. doi:https://doi.org/10.1038/

s41598-020-74929-6

Pamenter ME, Dzal YA, Thompson WA, Milsom WK (2018) Do 
naked mole rats accumulate a metabolic acidosis or an oxygen 

debt in severe hypoxia? J Exp Biol 222:jeb191197. doi: https://

doi.org/10.1242/jeb.191197

Park TJ, Comer CM, Carol A, Lu Y, Hong H-S, Rice FL (2003) 
Somatosensory organization and behavior in Naked Mole-Rats II: 
Peripheral structures, innervation, and selective lack of neuropep-

tides associated with thermoregulation and pain. J Comp Neurol 
465:104–120. DOI: https://doi.org/10.1002/cne.10824

Park TJ, Lu Y, Jüttner R, Smith ES, Hu J, Brand A, Wetzel C, Milen-

kovic N, Erdmann B, Heppenstall PA, Laurito CE, Wilson SP, 
Lewin GR (2008) Selective inflammatory pain insensitivity in 
the African naked mole-rat (Heterocephalus glaber). PLoS Biol 

6(1):e13. DOI: https://doi.org/10.1371/journal.pbio.0060013

Park TJ, Reznick J, Peterson BL, Blass G, Omerbašić D, Bennett NC, 
Kuich PHJL, Zasada C, Browe BM, Hamann W, Applegate DT, 
Radke MH, Kosten T, Lutermann H, Gavaghan V, Eigenbrod O, 
Bégay V, Amoroso VG, Govind V, Minshall RD, Smith ESJ, Lar-
son J, Gotthardt M, Kempa S, Lewin GR (2017) Fructose-driven 
glycolysis supports anoxia resistance in the naked mole-rat. Sci-

ence 356(6335):307–311. doi: https://doi.org/10.1126/science.

aab3896

Park TJ, Smith ESJ, Reznick J, Bennett NC, Applegate DT, Lar-
son J, Lewin GR (2021) African Naked Mole-Rats Dem-

onstrate Extreme Tolerance to Hypoxia and Hypercapnia. 

Adv Exp Med Biol. 2021;1319:255–269. doi: https://doi.

org/10.1007/978-3-030-65943-1_9

Peterson BL, Larson J, Buffenstein R, Park TJ, Fall CP (2012a) Blunted 
neuronal calcium response to hypoxia in naked mole-rat hip-

pocampus. PLoS One 7(2):e31568. doi: https://doi.org/10.1371/

journal.pone.0031568

Peterson BL, Park TJ, Larson J (2012b) Adult naked mole-rat brain 

retains the NMDA receptor subunit GluN2D associated with 
hypoxia tolerance in neonatal mammals. Neurosci Lett 506:342–

345. doi: https://doi.org/10.1016/j.neulet.2011.11.042

Reznick J, Park TJ, Lewin GR (2021) A Sweet Story of Metabolic Inno-

vation in the Naked Mole-Rat. Adv Exp Med Biol. 2021;1319:271–
286. doi: https://doi.org/10.1007/978-3-030-65943-1_10

Ruby JG, Smith M, Buffenstein R (2018) Naked mole-rat mortality 
rates defy Gompertzian laws by not increasing with age. Rose 

M, editor. eLife. Jan 24;7:e31157. doi: https://doi.org/10.7554/

eLife.31157

Russell NJ, Raybould HE, Trenchard D (1984) Role of vagal C-fiber 
afferents in respiratory response to hypercapnia. J Appl Physiol 
Respir Environ Exerc Physiol 56(6):1550–1558. doi: https://doi.

org/10.1152/jappl.1984.56.6.1550

Safar P, Tisherman SA, Behringer W, Capone A, Prueckner S, 
Radovsky A, Stezoski WS, Woods RJ (2000) Suspended anima-

tion for delayed resuscitation from prolonged cardiac arrest that 

is unresuscitable by standard cardiopulmonary-cerebral resus-

citation. Crit Care Med 28(11):N214–N218. doi: https://doi.

org/10.1097/00003246-200011001-00012

Smith ES, Lewin GR (2009) Nociceptors: a phylogenetic view. J Comp 
Physiol A Neuroethol Sens Neural Behav Physiol 195(12):1089–

1106. doi: https://doi.org/10.1007/s00359-009-0482-z

African rodents. Science. 31;364(6443):852–859. doi: https://doi.

org/10.1126/science.aau0236

Gilbert JD, Rossiter SJ, Faulkes CG (2020) The relationship between 
individual phenotype and the division of labour in naked mole-

rats: it’s complicated. PeerJ 8:e9891. doi: https://doi.org/10.7717/

peerj.9891

Goncalves MD, Lu C, Tutnauer J, Hartman TE, Hwang SK, Murphy 
CJ, Pauli C, Morris R, Taylor S, Bosch K, Yang S, Wang Y, Van 
Riper J, Lekaye HC, Roper J, Kim Y, Chen Q, Gross SS, Rhee 
KY, Cantley LC, Yun J (2019) High-fructose corn syrup enhances 
intestinal tumor growth in mice. Science 363(6433):1345–1349. 

doi: https://doi.org/10.1126/science.aat8515

Hadj-Moussa H, Pamenter ME, Storey KB (2021) Hypoxic naked 
mole-rat brains use microRNA to coordinate hypometabolic fuels 

and neuroprotective defenses. J Cell Physiol 236(7):5080–5097. 
doi: https://doi.org/10.1002/jcp.30216

Hannou SA, Haslam DE, McKeown NM, Herman MA (2018) Fruc-

tose metabolism and metabolic disease. J Clin Invest 128(2):545–
555. doi: https://doi.org/10.1172/JCI96702

Holmes MM, Goldman BD (2021) Social Behavior in Naked Mole-Rats: 
Individual Differences in Phenotype and Proximate Mechanisms 
of Mammalian Eusociality. Adv Exp Med Biol. 2021;1319:35–
58. doi: https://doi.org/10.1007/978-3-030-65943-1_2

Holtze S, Braude S, Lemma A, Koch R, Morhart M, Szafranski K, 
Platzer M, Alemayehu F, Goeritz F, Hildebrandt TB (2017) The 
microenvironment of naked mole-rat burrows in East Africa. Afr 

J Ecol. 2018;56:279–289. DOI: https://doi.org/10.1111/aje.12448

Ilacqua AN, Kirby AM, Pamenter ME (2017) Behavioural responses 
of naked mole rats to acute hypoxia and anoxia. Biol Lett 

13(12):20170545. doi: https://doi.org/10.1098/rsbl.2017.0545

Jarvis JUM (1981) Eusociality in a mammal: cooperative breeding in 
naked mole-rat colonies. Science 212:571–573. DOI: https://doi.

org/10.1126/science.7209555

Jarvis JUM (1990) Capture methods, maintenance in captivity and 
transport. In Biology of the Naked Mole Rat (Edited by Sherman 
PW, Jarvis JUM, and Alexander RD) pp.467–483 Princeton Uni-
versity Press, Princeton pp.467–483

Johansen K, Lykkeboe G, Weber RE, Maloiy GM (1976) Blood respi-
ratory properties in the naked mole rat Heterocephalus glaber, a 

mammal of low body temperature. Respir Physiol 28(3):303–314. 

DOI: https://doi.org/10.1016/0034-5687(76)90025-6

Johnson RJ, Stenvinkel P, Andrews P, Sánchez-Lozada LG, Nakagawa 
T, Gaucher E, Andres-Hernando A, Rodriguez-Iturbe B, Jimenez 

CR, Garcia G, Kang DH, Tolan DR, Lanaspa MA (2020) Fructose 
metabolism as a common evolutionary pathway of survival asso-

ciated with climate change, food shortage and droughts. J Intern 

Med 287(3):252–262. doi: https://doi.org/10.1111/joim.12993

Kemp RG, Foe LG (1983) Allosteric regulatory properties of muscle 

phosphofructokinase. Mol Cell Biochem 57(2):147–154. doi: 
https://doi.org/10.1007/BF00849191

Larson J, Park TJ (2009) Extreme Hypoxia Tolerance of Naked Mole-
Rat Brain. NeuroReport 20(18):1634–1637. DOI: https://doi.

org/10.1097/WNR.0b013e32833370cf

Laurie DJ, Bartke I, Schoepfer R, Naujoks K, Seeburg PH (1997) 

Regional, develop- mental and interspecies expression of the 

four NMDAR2 subunits, examined using monoclonal antibod-

ies. Brain Res Mol Brain Res 51(1–2):23–32. doi: https://doi.

org/10.1016/s0169-328x(97)00206-4

Lee LY, Pisarri TE (2001) Afferent properties and reflex functions of 
bronchopulmonary C-fibers. Respir Physiol 125(1–2):47–65. doi: 
https://doi.org/10.1016/s0034-5687(00)00204-8

Lewin GR, Smith ESJ, Reznick J, Debus K, Barker AJ, Park TJ 

(2021) The Somatosensory World of the African Naked Mole-
Rat. Adv Exp Med Biol. 2021;1319:197–220. doi: https://doi.

org/10.1007/978-3-030-65943-1_7

1 3



Journal of Muscle Research and Cell Motility

Yeomans DC, Pirec V, Proudfit HK (1996) Nociceptive responses 
to high and low rates of noxious cutaneous heating are medi-

ated by different nociceptors in the rat: behavioral evi-
dence. Pain 68(1):133–140. doi: https://doi.org/10.1016/

S0304-3959(96)03176-4

Zions M, Meehan EF, Kress ME, Thevalingam D, Jenkins EC, Kaila K, 
Puskarjov M, McCloskey DP (2020) Nest Carbon Dioxide Masks 
GABA-Dependent Seizure Susceptibility in the Naked Mole-Rat. 
Curr Biol 30(11):2068–2077e4. doi: https://doi.org/10.1016/j.

cub.2020.03.071

Publisher’s Note Springer Nature remains neutral with regard to juris-

dictional claims in published maps and institutional affiliations.

Supplementary Information The online version contains 

supplementary material available at https://doi.org/10.1007/s10974-

022-09623-3.

Smith ES, Omerbašić D, Lechner SG, Anirudhan G, Lapatsina L, 
Lewin GR (2011) The molecular basis of acid insensitivity in 

the African naked mole-rat. Science 334(6062):1557–1560. doi: 

https://doi.org/10.1126/science.1213760

van den Berghe G, Bronfman M, Vanneste R, Hers HG (1977) The 
mechanism of adenosine triphosphate depletion in the liver after 

a load of fructose. A kinetic study of liver adenylate deami-

nase. Biochem J 162(3):601–609. doi: https://doi.org/10.1042/

bj1620601

Yahav S, Buffenstein R (1991) Huddling behavior facilitates 
homeothermy in the naked mole rat Heterocephalus gla-

ber. Physiol Zool 64:871–884. doi: https://doi.org/10.1086/

physzool.64.3.30158212

1 3


