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ABSTRACT 

Compared to mice with the same body mass, naked mole-rats have a lower 
metabolic rate, higher homeostasis-maintaining activities, higher 
oxidative damage levels, but a longer lifespan. These observations have 
raised serious challenges to the widely accepted oxidative stress theory of 
aging, which suggests a negative correlation between damage levels and 
lifespan. Here, we introduce a simple theoretical model based on energy 
conservation and the oxidative stress theory. Employing the model and the 
physiological parameters of mice and naked mole-rats, we explain why 
naked mole-rats have higher damage levels despite their higher somatic 
maintenance efforts; why damage levels in naked mole-rats seem not to 
change over age; and how these factors concertedly result in a longer 
lifespan in naked mole-rats. Our results highlight the energy tradeoff 
between biosynthesis and somatic maintenance, and suggest that the rate 
of damage accumulation over age and the existence of a threshold of 
damage for death are the keys to solve the paradox raised by naked mole-
rats.  

KEYWORDS: energy tradeoff; biosynthesis; proteostasis; comparative 
study 

INTRODUCTION 

The oxidative stress theory, the most widely accepted proximate theory 
of aging, suggests that the damage to macromolecules caused by 
deleterious productions of oxidative metabolism (e.g., Reactive Oxygen 
Species, ROS) is associated with the process of aging [1–3]. Thus, the theory 
proposes a negative correlation between the oxidative damage level and 
the lifespan of organisms. The theory has received strong supports as well 
as serious challenges (see reviews in [4] and [5]). While many empirical 
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challenges have been reconciled with the theory by quantitative analyses 
and qualitative clarifications [4,5], the puzzle raised by the comparative 
studies on naked mole-rats (Heterocephalus glaber) and CB6F1 mice still 
remain unsolved [6–10]. Naked mole-rats (NMR, hereafter) have a 
maximum lifespan of ~32 years [6,7], 8–10-fold of that of mice with the 
same body weight. A series of recent empirical works [9–11] have found 
two lines of evidence from NMR that seemingly disagree with the oxidative 
stress theory.  

First, the antioxidant defense mechanism in NMR is not superior 
compared to the physiologically age-matched CB6F1 mice [11]. While some 
branches of the mechanism (such as Cu/Zn superoxide dismutase (SOD), 
Mn SOD, and catalase) are generally 1.3–2 times higher in NMR than those 
in mice, which nonetheless cannot explain the 8–10-fold difference in 
lifespan, another branch, cellular glutathione peroxidase, is 70 times 
lower in NMR. Second, the net oxidative damage level in multiple organs 
are consistently higher in NMR than in the age-matched mice throughout 
a large portion of the lifespan of both species, including 2-fold greater lipid 
peroxidation (isoprostanes) and damage (malondialdehyde) [9], 2–8-fold 
greater DNA damage (8-OHdG), and 1.5–2-fold greater protein 
carbonyls [10]. 

The complex correlations between antioxidant strength and lifespan 
have been seen previously. Many studies have found positive [12], 
negative [13–15], or no correlations [15,16] between the antioxidant 
strength and lifespan in multiple animal models. As pointed out previously 
[4,5], the disparity between the antioxidant defenses and lifespan does not 
present a serious challenge to the oxidative stress theory, because the 
theory does not make a direct connection between these two. What the 
theory associates the aging process with is the net oxidative damage. The 
net damage is an integrative and collective end result of the ROS producing, 
ROS scavenging (including all the antioxidant defense lines), and damage 
repair (including the molecule chaperons and proteolytic machinery, the 
enzymes that repair protein and DNA damage) [5]. Thus, the level of 
antioxidant effort may not correlate with the net damage level directly, 
and therefore cannot be used as an indicator for lifespan.  

However, the challenge to the theory from the second line is more fatal, 
in which the net damage to various macromolecules were directly assayed 
and found to be higher in NMR than in age-matched mice. Some efforts 
have been made to explain how NMR cope with the high oxidative damage 
and live a long life. Studies have found [9,17–19] that fibroblasts from NMR 
are more resistant to cytotoxins (such as paraquat, a strong oxidant) than 
those from mice are, probably through the pathways of p53 and nuclear 
factor erythroid 2-related factor-2 (Nrf2); NMR have enhanced chaperone 
activities that repair the misfolded and unfolded proteins as well as assist 
proteolytic degradation; old NMR are able to keep the proteasomal 
activities at higher level compared to age-matched old mice; and the levels 
of lipid and protein damage change negligibly with age. It was also 
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proposed [6] that ROS may have beneficial effect in NMR through the 
hormetic mechanisms that keep cellular homeostasis, enhance 
macrophage activity, and keep low body temperature, all contributing to 
longevity.  

Among these hypotheses and empirical findings, only the finding that 
damage level in NMR insignificantly increases over age partially agrees 
with the oxidative stress theory. The others help to understand how NMR 
endure the oxidative stress, but do not answer the question raised by the 
oxidative stress theory: how does high molecular damage lead to a longer 
lifespan in NMR? Besides NMR, the animals with genetic knock-down 
manipulation also showed no correlation between oxidative damage and 
lifespan [20,21]. For example, the mice with a major antioxidant scavenger 
knocked out (SOD2+/−) have the same lifespan as the wild type, but have a 
higher damage level [21]. Considering these paradox, the leading 
researchers in the field have asked if the oxidative stress theory is dead 
[20], and suggested that the results from the comparative studies on 
oxidative damage and lifespan “challenge the validity of this theory” [8,22], 
“defy the theory” [6], and “perhaps, it is not oxidative stress that modulates 
health-span and longevity, but other cytoprotective mechanisms that 
allow animals to deal with high levels of oxidative damage” [7].  

Employing a simple quantitative model based on the first principles of 
energy conservation and within the framework of the oxidative stress 
theory, here we use the physiological data from CB6F1 mice and NMR to 
propose an explanation on how NMR keep higher damage level, and 
maintain the increase of damage as age at a slower rate, compared to mice. 
We further show that the correlation between lifespan and oxidative 
damage measured at certain ages is not always negative, and a positive or 
no correlation does not necessarily defy the oxidative stress theory of 
aging. As Rodriguez, Wywial [8] pointed out, “most comparative studies 
compare data from young healthy adults providing a snap shot of 
oxidative damage at a given age of each species.” Our model suggests, and 
numerous empirical data support, that lifespan of an organism largely 
depends on the trend (rate) of damage increasing throughout life.  

THE THEORETICAL MODEL 

The development and verification of the model have been published 
[5,23–26]. Here we give a brief description of the key assumptions and 
results of the model. The detailed derivation of the model and a table of 
the variables and the parameters are available in the Supplementary file.  

The model has three assumptions. First, the rate of raw damage 
production, H, is proportional to the resting metabolic rate, Brest 
(equivalent to oxygen consumption rate at rest), as H = δ × Brest, where H is 
in unit of mole or gram of damaged biomass per unit time, Brest is in unit 
of energy per unit time at rest, and δ is a constant within a species. The 
proportionality between H and Brest comes from the following 
relationships. The raw damage production rate H is proportional to the 
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total metabolic rate, Btot (total oxygen consumption), which includes the 
energy expenditure at rest and the energy spent on activities. Numerous 
empirical data have shown that at least for birds and mammals, the total 
metabolic rate is proportional to the resting metabolic rate with a constant 
f [27–30], i.e., Btot = f × Brest. The daily average of f is around 2–3, and is 
roughly a constant with in taxon [27–30]. Thus, although H estimates the 
total raw damage production that is associated with the total metabolic 
rate, it can be expressed in terms of resting metabolic rate, using the 
proportionality Btot = f × Brest. This way the activities’ contribution to 
damage is included in H = δ × Brest. Two factors contribute to δ: the amount 
of ROS produced as one unit of ATP is produced, which varies slightly due 
to mitochondrial uncoupling [31]; and more importantly, the amount of 
cellular damage caused by one unit of un-scavenged ROS. In the following 
section, we will use protein damage as an example to show that facing the 
same amount of ROS, different protein qualities may lead to different 
levels of damage, and therefore different values of δ.  

Second, organisms have mechanisms to repair the damage, which cost 
energy. The amount of damage that can be repaired is proportional to one 
unit of metabolic energy allocated to repair as R = ηBrep, where R is the 
amount of damaged mass that is repaired, Brep is the metabolic energy 
allocated to repairing, and η, a constant within a species, reflects how 
efficient the repairing mechanism is. We will taking protein stability as an 
example to show that η may vary across species.  

It is important to notice that the resting metabolic energy, Brest, is 
generally partitioned between the energy allocated to repair (somatic 
maintenance), Brep, and the energy to synthesize new biomass, Bsyn 
including growth and reproduction, i.e., Brest = Brep + Bsyn [32,33]. Here we 
introduce a parameter that plays a key role in the following analysis: the 
energy required to synthesize one unit of biomass, Em, which quantifies 
how expensive the biosynthesis is, i.e., Bsyn = Em × G, where G is growth rate 
in the unit of accumulated biomass over a unit of time. For the same 
amount of energy allocated to biosynthesis (Bsyn), a large Em would lead to 
a slow growth rate G. Considering this energy partition, the repair effort 
can be rewritten as )( mrestrep GEBBR −== ηη . 

The rate of net damage production, H−R, therefore, is 
GEBGEBB mrestmrestrest )()( ηηδηδ +−=−− . Damage accumulates over 

time. Thus, the total net damage at a certain age, t, can be estimated as the 
integral of the rate over time. Approximately the result of the integration 
is 0rest m( ) ( ( ) )B t E m t mδ η η− × + −  [25], where m0 is the body mass at birth 

(t = 0). This equation estimates the damage accumulated over the whole 
lifetime, including both growth and adult stages. It indicates that the 
damage at age t is contributed by two terms. The first one is caused by total 
metabolic energy consumed by organisms from birth to age t, Brest × t. The 
second term comes from the energy spent on biosynthesis, Em × (m(t) – m0). 
Here, m(t) – m0 is the total biomass accumulated from birth to age t (total 

 
Adv Geriatr Med Res. 2020;2(1):e200006. https://doi.org/10.20900/agmr20200006 

https://doi.org/10.20900/agmr20200006


 
Advances in Geriatric Medicine and Research 5 of 18 

growth). Multiplying by the energy required to synthesize one unit of 
biomass Em, this term gives the total energy allocated to biosynthesis from 
birth to age t. It is intuitive to see that this term’s contribution to damage 
is positive: the total metabolic energy is conserved, and is partitioned 
between energy for repair and energy for biosynthesis. Thus, more energy 
spent on biosynthesis means less energy allocated to repair, which in turn 
results in higher damage level.  

To compare different species or individuals within a species, we need 
to estimate the mass-specific damage, denoted as D(t). Dividing the integral 
above by the body mass, m(t), it is straightforward to have D(t), the mass-
specific damage as a function of age t,  

0ms m( ) ( ) (1 / ( ))D t B t E m m tδ η η= − + −  (1) 

where Bms is the mass-specific resting metabolic rate, Bms = Brest/m(t), and 
the term 01 / ( )m m t−  comes from 0( ( ) ) / ( )m t m m t− .  

Third, Equation 1 calculates the mass-specific damage level as a 
function of age. Here we need an extra assumption to employ Equation 1 
for estimating lifespan: animals die when the damage level reaches a 
threshold, which is a constant within a taxon. i.e., D(LS) = C, where LS is 
the lifespan and C is the threshold of the damage level. Noticing the body 
mass at t = LS is usually the adult mass M, Equation 1 gives  

0ms m( ) (1 / )B LS E m M Cδ η η− + − =  (2) 

The threshold of damage that is required for manifest losses in function 
of organs was also proposed by [34]. Although the value of the damage 
threshold C is not available, Equations 1 and 2 still make a series of 
quantitative predictions for comparative studies, as long as the value of C 
is the same for the animals that are of comparison. In previous studies, we 
have shown that Equations 1 and 2 correctly predicted more than 80% of 
the variations of lifespan across species [5], across breeds within one 
species [35], and between diet restricted and ad libitum mice and rats [25] 
(The 80% of variation refers to the R2 values of the data fitting with our 
model, which contains only one free parameter—η/δ) The predictions are 
strongly and quantitatively supported by data collected from several 
hundreds of empirical studies. Here we show that the same model with the 
unique parameters of naked mole-rat (NMR) offers simple qualitative 
answers to the puzzle raised by the comparative studies on mice and NMR. 

THE HIGH ENERGETIC COST OF GROWTH IN NAKED MOLE RAT 
(NMR) 

NMR and mice have similar adult body mass, ~30 grams, but it takes 10 
months to one year for NMR to fully reach the adult mass [36], whereas 
mice reach the adult mass in 3–4 months. The large difference in growth 
rate cannot be fully attributed to the difference in their metabolic rates. 
The energy for biosynthesis comes from the resting metabolic energy. As 
mentioned above, different energetic growth models suggested [32,33,37] 

 
Adv Geriatr Med Res. 2020;2(1):e200006. https://doi.org/10.20900/agmr20200006 

https://doi.org/10.20900/agmr20200006


 
Advances in Geriatric Medicine and Research 6 of 18 

that the resting metabolic energy can be partitioned between the energy 
allocated to maintenance and that allocated to biosynthesis, i.e., Brest = Brep 
+ EmG. Thus, the level of Brest affects the growth rate G. The data on 
metabolic rate over the full ontogeny of NMR is not available. It is 
commonly assumed that resting metabolic rate scales with body mass to a 
¾ power, Brest = B0m(t)0.75, as seen in numerous mammalian species 
[32,38,39], where B0 is the normalization coefficient (in unit of 
energy/time/mass0.75), and m(t) is body mass over ontogeny. Using the 
adult resting metabolic rate and the ¾ scaling power, Brest(adult)=B0M3/4, 
where M is the adult mass, it can be estimated that for NMR, B0 = 1230 
Joules/day/gram0.75 [40]. The studies on mice metabolic rate gives, on 
average, B0,mice = 1550 Joules/day/gram0.75 [41,42]. Thus, for NMR and mice 
with the same body mass the ratio of their metabolic rate is 0.79 
(=1230/1550). Obviously this ratio of metabolic rate cannot explain the ~3-
fold difference in growth rate.  

 

Figure 1. The growth curves of CB6F1 mouse (red) and NMR (blue). Growth data of mouse and NMR are 
from ENVIGO (http://www.envigo.com, sample size is unkown) and [36] (sample size ~ 80), respectively. The 
solid curves are the fittings of the growth equation proposed by [32], 

0.25
0 m( )/(4 )0.25 4

0( ) [1 (1 ( / ) ) ]B t E Mm t M m M e− ∗= × − − , where birth mass m0 is 5 grams for both species, adult M 

is 32 grams for both species, and the values of B0 are given in the text. Em is the only free parameter, and is 
obtained by fitting the equation with the growth curves (The details of estimating Em are available in the 
Supplementary file).  

The rate of the metabolic energy allocated to biosynthesis is the product 
of the energy required to synthesize and one unit of biomass, and growth 
rate, i.e., Bsyn = EmG. A larger Em indicates a more expensive growth, i.e., 
with the same amount energy allocated to growth (Bsyn), a species with a 
larger Em would have a slower growth rate. Previous ontogenetic growth 
models [32,43] proposed a method to estimate the value of Em, using the 
resting metabolic rate and growth curve of the organisms. Figure 1 shows 
the fittings of growth curves of NMR and CB6F1 mice with the ontogenetic 
model (see details in the Supplementary file). The data fitting gives that the 
values of Em are 13,600 Joules/gram and 3900 Joules/gram for NMR and 

 
Adv Geriatr Med Res. 2020;2(1):e200006. https://doi.org/10.20900/agmr20200006 

https://doi.org/10.20900/agmr20200006
http://www.envigo.com/


 
Advances in Geriatric Medicine and Research 7 of 18 

mice, respectively, meaning to synthesize one unit of biomass, NMR need 
spend 3.5 times more energy than mice (13,600/3900).  

Note: Equation 4A in the Supplementary file shows how Em can be 
estimated using the growth curve and the normalization coefficient of 
resting metabolic rate (B0). It shows that Em changes linearly with B0. 
Empirical data and theoretical considerations [32] show that for many 
species the resting metabolic rate over ontogeny scales with the body mass 
to a ¾ power, i.e., Brest = B0m(t)3/4. We assume that it is also true for NMR. 
Using the adult metabolic rate of NMR and the ¾ scaling law over ontogeny, 
we estimate the value of B0 by solving this equation: Brest at adult = B0M ¾, 
where M is the adult mass. We then used this value of B0 and the growth 
curve of NMR to estimate Em. However, over ontogeny, the metabolic 
scaling power may not be exactly ¾. If the scaling power is larger (smaller) 
than ¾, the value of B0 would be smaller (larger) than our estimate, and 
the value of Em, which changes linearly with B0, would also be smaller or 
(larger) than the estimated. In fact, for small rodents, the scaling power is 
likely to be smaller than ¾ (e.g., [44]). If it is also the case for NMR, then 
the value of Em of NMR would even be higher. 

The Em value of CB6F1 mice is similar to other mammals, such as other 
strains of mice, dogs and rats [43], whereas the value of NMR is 
exceptionally high. Historically, the value of Em was of interest in 
agriculture [33], fishery [45], and physiological ecology [46], because it 
indicates the energetic efficiency that animals deposit biomass. Here, and 
in a few recent publications of ours [5,24], we call upon the biomedical 
community, especially the biology of aging community, to pay more 
attention to this trait of animals. We have recently proposed a “cost-quality” 
hypothesis, suggesting that more expensive biosynthesis results in high 
quality macromolecules that are more resistant to oxidative insults [47]. 
The hypothesis is general, and applies to all the macromolecules, including 
DNA, protein, and lipid. However, compared to the other macromolecules, 
the energetics of protein synthesis, folding/unfolding/refolding, 
aggregation, and degradation have been more intensively studied, so here 
we take protein synthesis and homeostasis (proteostasis) as an example to 
explain this hypothesis, and apply it to the comparison between NMR and 
mice.  

THE RELATIONSHIP BETWEEN ENERGETIC COST OF GROWTH AND 
PROTEOSTASIS 

We need to emphasize that conceptually and numerically Em is 
different than the energy content of biomass. The latter is the energy 
deposited in tissues, e.g., 4.1 Cal per gram of protein and 9.5 Cal per gram 
of lipid, etc., which is measured with calorimetric techniques. Em, however, 
is the energy required to assemble the monomers to polymers, fold them, 
transport them to the required location, etc. [30,48]. This energy does not 
deposit in the tissue. Instead, it dissipates as heat, because it is a fraction 
of respiration [30]. The variation in Em across species may not necessarily 
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come from the difference in their body composition, because the energy 
required to deposit a unit of protein is similar to that of fat [45,48], and 
species with the same body composition can have 20-fold difference in the 
values of Em [47].  

We hypothesize that the variations in Em across species come from the 
differences in the effort that species makes to synthesize proteins, and a 
high Em results in better protein stability. There are multiple mechanisms 
that connect the energy cost of protein synthesis to protein homeostasis 
(proteostasis). For example, different amino acid compositions lead to 
different protein stabilities [49,50], and synthesizing different amino acid 
requires different amounts of energy [51–53]; Different proofreading 
efforts also have different energy requirements [54,55], and are tightly 
associated with protein fidelity [56]. Perhaps more importantly, the 
species with higher value of Em may have a lower tolerance to the mistakes, 
such as misfolding, in the newly synthesized proteins. In those species, 
such proteins are quickly unfolded and refolded via the chaperon 
activities, and/or degraded and resynthesized via the proteasomal 
activities. These activities, especially unfolding and resynthesis, cost 
considerable amount of the energy, but retard the processes of protein 
aggregation and directly determine the proteostasis [57–60]. Recalling that 
Em reflects how expensive it is to accumulate one unit of biomass, the 
species, which is “picky” about the newly synthesized protein and 
unfold/refold and degrade/resynthesize proteins more often than those 
less “picky” species, would spend more energy to accumulate one unit of 
biomass (net gain), grow more slowly, but have a slow rate of protein 
aggregation.  

Interestingly, the results from recent studies suggest that naked mole-
rat is such a species, which is facilitated with high level protein damage 
repair mechanisms. Compared to mice, NMR have a high level of protein 
involved in the ubiquitin proteasome system, high chaperon activities, and 
high levels of proteasome activity [7,8,17,19,22]. These traits, which 
maintain at high levels throughout NMR’s life [8,17], on one hand makes 
growth more energetically costly during development, and on the other 
hand greatly contribute to NMR’s proteostasis.  

Nonetheless, the results of these studies still cannot answer three 
questions: (1) why do NMR have higher oxidative damage level than mice 
despite these proteostasis-maintaining machinery, (2) why do the damage 
levels in NMR seem not change over age, and (3) how do those factors 
concertedly result in a longer lifespan in NMR. In the next section, we use 
our model (Equations 1 and 2) to offer simple yet novel answers to these 
questions.  

SLOW PROGRESS OF DAMAGE LEVEL LEADS TO LONGER LIFESPAN 

Two parameters in our model are possibly affected by Em, namely, the 
amount of net damage caused by one unit of metabolic energy produced 
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(δ) and the amount of damage that can be repaired by one unit of energy 
allocated to repair (η).  

It is well known that proteins’ folding property greatly affects their 
susceptibility to oxidative damage, probably because tightly packed side 
chains in the well-folded state provides better protection from ROS and 
other insults [61–65]. Thus, facing the same level of ROS (presumably 
associated with similar amount of ATP produced), the species with a 
higher Em produces less amount of damage, and has a lower value of δ, 
because it is less vulnerable to the oxidative insults.  

The relationship between Em and η is less straightforward. From the 
viewpoint of evolutionary optimization, in a species with high Em, 
selection would promote the machinery that repair more damage with one 
unit of energy (higher η), i.e., a low value of η would mismatch the high Em 
economically. Proximately, different branches of the proteostasis 
maintenance mechanism have different efficiencies [57,65]. A species 
equipped with high levels of chaperon and proteasomal machinery, such 
as NMR, is presumably able to more efficiently prevent protein unfolding 
and aggregation, and also degrade more aggregated proteins with a unit 
of energy allocated to maintenance (higher η).  

We need to emphasize on three points about δ and η. First, the absolute 
values of these two parameters are not available. But from fitting the data 
on longevity and oxidative damage as functions of ontogenetic body mass 
and metabolic rate, it has been estimated that the ratio of them, η/δ, is 
smaller but very close to 1.0. Species with low Em, such as hawkmoth 
larvae (hornworms) with Em ≈ 300 Joules/gram, has a ratio η/δ ≈ 0.96 [23], 
whereas species with high Em, such as small rodents and dogs with Em ≈ 
5000 Joules/gram, have the ratio η/δ ≈ 0.99 [25,35]. Second, the quantitative 
relationship between Em and δ and η are not known. The analysis we gave 
above, as well as the results from previous studies [23,25,35], give a 
qualitative suggestion that as Em increases, the value of δ decreases and 
that of η increases. But because damage accumulates, δ (raw damage) 
should be always larger than η (repair), otherwise the net damage level 
may decrease with age. Third, the changes in δ and η due the change in Em 
are significant but small. Organisms have efficient damage repair 
mechanisms, and even species such as hornworm, which has a very low 
Em, still has a relatively high ratio of δ/η. We qualitatively describe these 
trends with Em in Figure 2.  
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Figure 2. A qualitative description of how the values of δ and η change as Em. The curves are produced 
by the assumptions that m0.00121 Eeδ −= + and m0.00120.999 Eeη −= − . The assumptions capture the three 

features of δ and η, i.e., the ratio of them is smaller and close to 1.0; δ decreases and η increases with Em; 
and the decrease and the increase in them with Em are slow.  

Overall, compared to mice, NMR have a 3.5-time higher Em, a 0.79-time 
lower mass-specific metabolic rate (Bms), a lower δ, a higher η, and 
therefore a lower (δ – η). Putting all these parameters into Equation 1, 

0ms m( ) ( ) (1 / )D t B t E m Mδ η η= − + − , we can compare the damage levels 

of mice and NMR as functions of age during the adulthood, as shown in 
Figure 3. Note, during adulthood, m(t) in Equation 1 becomes adult mass 
M, and m0/M is the birth and adult mass ratio, which is roughly the same 
in NMR and mice.  

Equation 1 indicates that two terms contribute to the damage. The 
second term, ηEm(1 – m0/M), estimates the amount of damage accumulated 
during growth, and gives the height of the damage level at the beginning 
of the adulthood. Mice and NMR have the same birth mass (m0) and the 
same adult mass (M), but NMR have a higher ηEm. Thus, NMR have a higher 
level of damage at the beginning of the adulthood (the blue curve in Figure 
3A). As we explained earlier, intuitively if more energy is allocated to 
growth, less will be available for damage repair, and the damage 
accumulated during growth will be higher. The first term in Equation 1 is 
a function of age t, and the slope is (δ – η)Bms. Compared to mice, NMR have 
a smaller (δ – η) and a smaller Bms, and therefore a much shallower slope 
(the blue curve in Figure 3A), so that the damage levels seem to be almost 
unchanged over age [9,10,17].  

Thus, our theoretical model offers simple and clear physiological 
explanations to the empirical observations. The higher level of damage in 
NMR comes from its higher ηEm, which reflects the tradeoff between the 
efforts of growth and damage repair during development. The difference 
in the slopes, (δ − η)Bms, between NMR and mice explains why the damage 
in mice increases relatively fast in a linear pattern as age [9], whereas the 
changes in lipid and protein damage level in NMR are hardly detectable as 
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age [9,10,17]. Moreover, since mice have a low damage level at the 
beginning of the adulthood and a steeper slope, and the opposite in NMR, 
the damage curves of these two species will cross at a certain age (the black 
dot in Figure 3A). Our model suggests that this crossing point happens later 
in the mice’s life. The assays on both species were probably conducted 
before the crossing, and therefore failed to show it (the same level of 
damage in both species in Figure 3A).  

More importantly, our model predicts that if the crossing point is below 
the death threshold (the horizontal dash line in Figure 3B), the damage 
level of mice will reach the threshold earlier than that of NMR, and results 
in a shorter lifespan. Figure 3B also suggests that there exists a short time 
window between the crossing point and the damage threshold, in which 
mice has a higher damage level than NMR. We need to emphasize that 
Figure 3 is qualitative, because the exact values of δ and η are unknown. 
Nonetheless, it offers physiological and first-principle explanations to the 
observed empirical patterns of damage in NMR and mice, and meanwhile 
answers the question raised by the oxidative stress theory: why does NMR 
have higher level of damage but a longer lifespan than mice. 

 

Figure 3. The estimated damage levels of mice and NMR by Equation 1. (A) The damage levels in young 
adults. (B) The damage levels throughout the lives of mice and NMR. The horizontal dash line is the damage 
threshold of death. Note, the values of damage in this figure are relative and are in arbitrary unit (A.U.). We 
used the following values of the parameters in Equation 1 to plot the damage curves: Bms = B0m(t)−1/4, where 
the values of B0 for NMR and mouse are 1230 and 1550 Joules/day/gram0.75, respectively. The body mass 
curve, m(t), is the same as in Figure 1; the birth mass (m0) of NMR and mouse is grams, and the adult mass 
(M) of both species is 32 grams; the values of Em of NMR and mouse are 13,600 and 3900 Joules/gram, 
respectively; and the values of δ and η are the same as in Figure 2.  

A clarification needs to be made here. We hypothesized that in the 
species with a high Em, the macromolecules of superior resistance to 
damage are synthesized or incorrectly synthesized molecules are 
extensively resynthesized. At the first glance, this seems to be at odds with 
the high rate of damage measured early on in the adulthood. Here is the 
explanation. A higher Em is associated with a slightly lower δ and a slightly 
higher η, as suggested in Figure 2. Both δ and η are related to one unit of 
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energy, i.e., for one unit of energy produced, the associated raw damage is 
lower (due to the lower δ), and for one unit of energy allocated to 
maintenance, the amount of damaged macromolecules that can be 
repaired or degraded is higher (due to the higher η). However, a three-time 
higher Em (NMR/mouse) also means that, mass-specifically, the energy 
allocated to growth (biosynthesis) is three times higher in NMR. Recall that 
resting metabolic rate is partitioned between the rates of energy allocated 
to biosynthesis and that to somatic maintenance, Brest = Bsyn + Brep. Since 
NMR have a lower resting metabolic rate (Brest) and three-time higher Em 

than mice, the energy available for maintenance (Brep) during growth is 
greatly reduced in NMR, compared to mice. Thus, although for one unit of 
energy allocated to maintenance, NMR can repair/degrade slightly more 
damage (a higher η), it has much less energy allocated to maintenance 
during growth compared to mice. Consequently during growth, NMR 
accumulates higher damage.  

The damage levels of mice and NMR shown in Figure 3 are plotted as 
functions of chronological age, whereas the empirical studies compared 
the damage levels of these species at the matched physiological ages [9,10]. 
In one of these studies, the matched ages for mice and NMR are: 4-mo vs 
30-mo; 12-mo vs 75-mo; 18-mo vs 130-mo, and 24-mo vs 180-mo [9]. The 
ratio of the chronological ages is roughly 7. The matched physiological age 
is equal to the chronological age of each species divided by the maximum 
lifespan of each species. To compare our model’s prediction and the 
empirical results, in Figure 4 we replot the same damage curves from 
Figure 3B at the relative age scales, i.e., the age of NMR (the blue horizontal 
axis on the top) is scaled down by roughly seven times to match the age of 
mice (the red horizontal axis at the bottom), so that their maximum 
lifespans appear at the same relative time in the figure. The blue and red 
dots in the figure are the predicted damage at their matched-ages (4-, 12-, 
18-, 24-mo for mice, and 30-, 75-, 130-, 180-mo for NMR). Clearly, at each 
matched-age our model predicts that damage in NMR is higher than that 
in mice, agreeing with the empirical data [9,10]. Interestingly, our model 
also predicts that difference in the damage between these two species gets 
smaller as age. The assays on old and senescent adult mice and NMR, e.g., 
the urinary isoprostane level and malondialdehyde level, did suggested a 
vanishing difference as age [9].   
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Figure 4. Physiological age-matched damage levels of mice and NMR. Since the age scales are matched, 
the two species reach the lifespan at the same point where the threshold is reached. Because of the different 
time scale, the chronological crossing point in Figure 3 does not show in this figure. 

FUTURE DIRECTION 

We have shown that the combination of the crossing of the damage 
curves and the assumption of the damage threshold offers a simple answer 
to the question why NMR have higher oxidative damage but live longer 
than mice. Previously we have applied the same idea to explain another 
paradox raised by the gene knock-out studies [5]. Manganese-dependent 
superoxide dismutase (MnSOD, or SOD2) is an important antioxidant 
enzyme. It has been shown [21] that SOD2+/− knocked out mice have higher 
DNA damage than the wild type, but the same lifespan. We noticed that, 
although the damage in SOD2+/− is higher in multiple organs, the increase 
of the damage with age is slower in the knockout mice than that of the wild 
type [21], a similar pattern that we saw in the comparison between mice 
and NMR. We postulated [5] that the damage curves of the knockout and 
the wild type probably cross around the damage threshold of death, so that 
they reached the lifespan at the same time.  

We believe the model and analysis presented in this study open a door 
to various future researches. Here we suggest four lines of future studies 
to further test the model. First, we estimated the value of Em of the naked 
mole-rat based on the empirical growth curve and metabolic rates 
measured at four different body masses that are very close to the adult 
mass [40]. For a more accurate estimate, measurements of metabolic rate 
throughout the development with higher temporal resolution are required.  

Second, although one study [9] arguably showed a dismissing 
difference in damage between mice and NMR, which supports our 
prediction in Figure 4, it also showed that lipid peroxide level had no 
increase from intermediate to old age in NMR, which is seemingly against 
the slow progress of damage that is predicted by our model. However, this 
empirical result only came from one marker (MDA) in one organ (liver) at 
two time points (intermediate and old). It is possible that the damage in 
NMR increases so slowly that the low time-resolution data on one 
oxidative damage marker from one organ may not detect the small 
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increase. We therefore call for future oxidative damage assays on more 
markers with higher temporal resolution are need to confirm this pattern. 
With more data points throughout the whole life, we expect to see a slight 
increase of damage level in NMR, and the difference in damage levels 
between mice and NMR at matched physiological ages will get smaller as 
shown in Figure 4.  

Third, it is probably difficult, if possible, to change the damage 
threshold for death, because it is the collective result of multiple 
physiological processes at cellular and organismal level. But, it should be 
easier to experimentally manipulate the damage curves of both specie, so 
that the crossing point gets closer to or farther away from the damage 
threshold. For example, if one can experimentally raise the damage levels 
of both species by the same percentage, so that the crossing point gets 
closer to, or even above the damage threshold, then the difference in their 
lifespan will be smaller, and the reduction in lifespan of NMR will be more 
severe than that of mice.  

Finally, our theoretical model is not species-specific, and the 
predictions have been supported by numerous data from mammals and 
insects [5,23–25,35]. Thus, we hypothesize that the pattern of damage and 
its effect on lifespan as shown in Figures 3 and 4 would be seen in 
comparisons of other species, which have similar body masses but 
significantly different lifespans. One such example would be long-living 
turtle and short-living lizard [66]. Future comparative studies on such 
species will provide valuable data to test the universality of the oxidative 
stress theory in general and our theoretical model specifically.  
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