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ABSTRACT

Naked mole-rats (NMR, Heterocephalus glaber) are the longest-lived rodent species, with a maximum life span of more
than 30 years. These long-lived mammals exhibit delayed aging phenotypes and resistance to age-related pathologies includ-
ing neurodegeneration. Multiple regulatory pathways have been proposed for the anti-aging mechanisms in NMR includ-
ing enhanced mitochondrial function and suppressed oxidative stress. In this study, we investigated the assembly of the
electron transfer chain (ETC) which constitutes the structural base for the regulation of both oxidative phosphorylation
and the production of reactive oxygen species (ROS), in brains from young and old NMR and C57BL/6 mice. While
ETC assembly declined with aging in C57BL/6 mice, we found that NMR display a robust respiratory chain assembly at
older ages in both males and females. Among them, individual complex IV and supercomplexes containing complex I
and III or complex III and IV showed the most pronounced differences between two species. Our results indicate that a
preserved robust assembly of ETC during aging contributes to enhanced mitochondrial oxidative phosphorylation and

suppressed oxidative stress, which may contribute to the longevity and resistance to age-related pathologies in NMR.
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INTRODUCTION

Naked mole-rats (NMR; Heterocephalus glaber, Rodentia) are
native to Eastern Africa and live in large subterranean colonies.
One of this rodent species’ most significant biological features is its
extreme longevity, with a maximum life span of over 30 years in
laboratory conditions [1]. In addition, this long-lived animal also
exhibits a remarkably long health span with a relative lack of devel-
opment of many age-related phenotypes seen in aging mice and rats
including lordokyphosis, loss of fecundity, decreased thermoregula-
tion capacities, elevated cardiac disorders, and muscle atrophy [2].
Moreover, they are able to preserve this good health despite living
much longer than common laboratory rodents.

Multiple mechanisms have been proposed as the underlying driv-
ers of longevity, delayed aging, and resistance to age-related diseases
in NMR (Figure 1). Notably, many of the suggested “hallmarks” of
aging seem to be differentially regulated in NMR compared to mice
and rats, in ways generally supported as beneficial to aging. These
include better-maintained genome stability and protein homeostasis,
attenuated inflammation, regulation of senescence and death
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induction, and a relatively low accumulation of oxidative stress
with age [3].

The regulation of mitochondrial function is a significant mecha-
nism of aging and may serve as a central mediator of normal cellu-
lar function. Mitochondria are ubiquitous organelles found in all
eukaryotic cells whose primary function is to generate energy
through oxidative phosphorylation (OXPHOS) [4], though there is
growing evidence for additional important homeostatic roles for mi-
tochondria including the control of apoptosis [5], the modulation of
calcium signals [6], and the regulation of cell proliferation [7].
During aging, mitochondrial function has been shown to decline in
many ways including reduced bioenergetic functions, ineffective
mitochondrial signaling, and increased generation of reactive oxy-
gen species (ROS). The etiology of this mitochondrial dysfunction
has been proposed to derive from many sources including the accu-
mulation of mitochondrial DNA or protein damage, impaired bio-
genesis, and altered metabolic properties of mitochondrial enzymes.
However, biophysical changes to mitochondria with age have been
relatively less studied. High-energy electrons that prematurely leave
the transfer chain generate reactive oxygen species (ROS), a primary
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Figure 1. Potential factors contributing to longevity in naked mole rats
Created in BioRender. Bernal, B. (2023)

source of oxidative stress. ROS have long been thought of as toxic
by-products of OXPHOS and are considered to be pathogenic agents
for many diseases and aging [8]. More evidence has been generated
suggesting that intracellular ROS also serve as important molecules
in mediating both normal as well as pathological pathways [9].

OXPHOS is mediated by the mitochondrial respiratory chain
(MRC) which is composed of five protein complexes including
NADH-ubiquinone oxidoreductase (complex I), succinate-ubiqui-
none oxidoreductase (complex II), ubiquinone-cytochrome ¢ oxi-
doreductase (complex IIT), and cytochrome ¢ oxidase (complex IV);
which are responsible for electron transfer; and ATP synthase as
complex V. It is also interesting to note that the MRC functions not
as isolated protein complexes floating in the inner mitochondrial
membrane, but rather as organized multicomplex structures called
supercomplexes (SC). The dynamics of organization and distribu-
tion of various forms of supercomplexes have been associated with
the regulation of metabolism; however, maintenance and regulation
of the respiratory chain structure in aging and human health have
not been illustrated [10].

In this study, we conducted an exploratory investigation on the dy-
namics of respiratory chain assembly during aging to shed light on
the potential role of energy metabolism and oxidative stress in the
longevity and related phenotypes associated with naked mole-rats.

RESULTS

Identification of the mitochondrial respiratory chain in NMR

In this study, we compared samples from the NMR to that of C57BL/6
mice to compare the assembly of the mitochondrial electron transport
chain (ETC) and its maintenance in a species of successful aging
(NMR) vs normal aging (mice). The ETC maintains crucial processes
of energy generation and cellular respiration that occur in the inner mi-
tochondrial membrane. The assembly of the ETC involves the coordi-
nated protein synthesis of genes encoded by both nuclear and
mitochondrial genomes; import of various ETC complexes, subunits,
and assembly factors; and subsequent assembly of individual and re-
spiratory SC which contain multiple complexes (Figure 2). The
assembly of the ETC provides a structural base for the coupling
of electron transfer regulation of electron leakage, and mainte-
nance of membrane potential for ATP production.

\ Oxidative l

Stress

The robust assembly of the overall electron transfer complexes of
old NMR in both males and females

To determine if the assembly of the ETC could provide a potential
mechanism for longevity in NMR, we utilized Blue Native Gel
Electrophoresis (BN-PAGE) technology which allows us to separate
protein complexes based on their size and charge under native
conditions, preserving their native structure and interactions, to
analyze the ETC assembly during aging in both NMR and a com-
mon rodent model for aging research, C57BL/6 mice. After elec-
trophoresis, the ETC complexes were then determined by
western blot with antibodies against representative subunits of
complex I, III, and IV (Figure 3). As sex is an important biological
variant, we compared the BN-PAGE pattern of ETC complexes in
young and old NMR and C57BL/6 mice in both females (Figure 3A)
and males (Figure 3B).

We first compared the overall assembly of three individual ETC
complexes which constitute the majority of electrons from the TCA
cycle to the OXPHOS system in the form of NADH. While all three
complexes exhibited decreased assembly in old compared with
young in both female and male mice, NMR showed enhanced
assemblies compared to mice in general and an increase in assembly
in old samples versus young samples (Figure 4). That is, assembly
declined with age in mice and increased with age in the NMR.
Interestingly, among these ETC complexes, the terminal complex or
complex IV showed the most significant cross-species difference
with p-values at 1.93e-09 and 5.39e-10, in females and males,
respectively.

The dynamics of assembly of respiratory complex I during aging
Complex I or NADH:ubiquinone oxidoreductase, is the largest and
first enzyme complex in the mitochondrial electron transport chain
(ETC). The assembly of complex I proceeds through the formation
of intermediate subcomplexes, which involves the stepwise associa-
tion of different subunits and assembly factors to form several mod-
ules, then further assembly into supercomplexes with complex III
and IV.

Among all the complex I-containing respiratory complexes, we
found that in female mice, individual complex I and the supercom-
plex containing complex I and III (SC I+III) showed a significant
decrease in assembly during aging (Figure 5A). In NMR,
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Figure 2. Respiratory chain assembly

Descriptive figure of the respiratory complex subunits and the potential supercomplex assemblies resulting from complex interaction. Created in BioRender. Bernal, B. (2023)

however, all respiratory complex assemblies including complex I,
including the supercomplex with all three complexes (SC I+III+IV),
increased significantly with age. In male mice and female NMR, SC
[+II+IV increased somewhat and all complex I-containing respira-
tory complexes exhibited increased assembly during aging. Among
these complexes, the individual complex I and SC I+I1I showed the
largest cross-species difference with p-values of 2.46e-07 and
2.00e-07 (Figure 5A), in females and 7.60e-08 and 3.29¢-07 in
males, respectively.

The dynamics of assembly of respiratory complex III during aging
Mitochondrial complex III, also known as the bcl complex or
ubiquinol-cytochrome ¢ oxidoreductase, sits in the middle of ETC.
Accordingly, complex III is often found assembled into supercom-
plexes with other ETC complexes, primarily complex I and com-
plex IV. It has been reported that there is no supercomplex III and
IV (SC III+IV) assembly in C57BL/6 mice due to a genetic change
[11].

We found that individual complex III assembly decreased in both
female and male mice with age (Figure 6A, B). In NMR, SC III+IV
showed the most increase in females and greater enhancement in
males during aging. Interestingly, supercomplex III,, I'V,, showed
dramatically higher levels of assembly in NMR compared to mice.

The dynamics of assembly of respiratory complex IV during aging
Complex IV or cytochrome ¢ oxidase (COX), is the terminal
enzyme complex of the ETC. As discussed before, complex IV can
be found assembled into supercomplexes with complex I and III,
respectively, or together.

We found that while individual complex IV assembly decreased
in both female and male C57BL/6 mice during aging, all respiratory
complexes involving complex IV increased in old NMR females
and males.

The assembly of supercomplexes in aging
One of the most interesting findings of our study is the enhanced re-
spiratory supercomplex assembly during NMR aging, while the
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opposite was recorded with C57BL/6 mice. We then further ana-
lyzed the assembly of each supercomplex detected by each compo-
nent in both females and males.

As shown in Figure 8A, SC I+l exhibited consistent differences
between NMR and C57BL/6 mice in both female and males. While
such assembly decreased during aging in C57BL/6 mice, they
increased significantly with NMR. Similarly, SC MI+IV was
increased in NMR during aging (Figure 8B). However, with super-
complexes containing complexes I, I1I, and IV, it seems the assembly
of such complete respirasomes increased in both C57BL/6 mice
and NMR. Nevertheless, the increase of assembly during aging is
still very much evident in NMR in both females and males by any
comparison (Figure 8C).

DISCUSSION

The similarities between humans and mice in gene function, bio-
chemistry, bioenergetics, and physiology position mice as a most
common mammalian model to investigate disease pathogenesis.
However, there are large differences between the sizes and life-
spans of humans and mice. Because humans are much larger
than mice, there is a hindrance in the ability for the species to
adapt to changes in the environment. Mice have a higher basal
metabolic rate, seven times that of humans, causing a weak capa-
bility to maintain cellular homeostasis. Having a lower meta-
bolic rate, humans have a greater ability to maintain cellular
homeostasis, which contributes to a slower rate of aging [12].
Naked mole-rats are labeled as a naturally long-lived species.
Although NMR and mice are both rodents with similar body
sizes, NMR exhibit delayed aging phenotypes and resistance to
age-related pathologies including neurodegeneration in a way
that is similar to humans [13]. Thus, they could serve as a better
model to study human aging and resistance to age-related human
degenerative diseases.

The assembly of the mitochondrial oxidative phosphorylation
machinery or respiratory chain is crucial for cellular energy
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Figure 3. Electrophoretic analysis of BN-PAGE respiratory complex I, I1I, & IV by immunodetection
A) Immunoblot patterns of aging female C57BL/6 mice and naked mole-rats. B) Immunoblot patterns of aging male C57BL/6 mice and naked mole-rats. Created in

BioRender. Bernal, B. (2023)

production and overall mitochondrial function. The proper assem-
bly of the respiratory chain ensures efficient electron transfer, which
will in turn drive the establishment of the proton gradient across the
mitochondrial inner membrane, which is the basis of mitochondrial
membrane potential. This potential is essential for maintaining mi-
tochondrial integrity, various ion homeostases, and processes like
mitochondrial dynamics and mitophagy. While the mitochondrial
respiratory chain plays a vital role in ATP production, it is also a pri-
mary source of reactive oxygen species (ROS), especially when a
disruption in the electron flow causes leakage. Thus, the proper as-
sembly of the respiratory chain can not only facilitate energy pro-
duction but also suppress ROS production and reduce oxidative
stress which could directly damage the cellular components irrever-
sibly and contribute to aging and age-related pathological
phenotypes.

Our studies highlighted the enhanced overall respiratory chain
assembly in NMR during aging. Comparatively, we found that
the assemblies of individual complex IV, SC I+11l, and SC II+IV
exhibited the most pronounced enhancement. Complex IV, or cyto-
chrome ¢ oxidase, is the terminal complex in the electron transport
chain. Complex IV is comprised of 13 polypeptide subunits, three
of which are encoded in the mitochondrial genome [14]. COX

reduces oxygen molecules to a water molecule and provides hydro-
gens to the intermembrane space to generate membrane potential
for ATP production. The electron transfer at complex IV involves
cytochrome ¢, copper centers, and iron-containing heme groups.
Complex IV also has the guiding effect of stabilizing and managing
the maturation of ETC complexes [11].

During the process of electron transport, a small percentage of
electrons leaking from complexes I and III can react with molec-
ular oxygen to form superoxide radicals (O,°"), which are the
primary ROS generated within mitochondria. Increased assem-
bly of supercomplex I and III would thus increase the efficiency
of electron transfer and decrease the susceptibility to oxidative
stress. Similarly, the association of complex III and IV leads to a
decrease in the intercomplex distance. The shorter diffusion dis-
tance via the water phase of the intermembrane space would
result in a higher oxidoreductase activity. It is also noted that the
cytochrome c-mediated electron transfer has been suggested as
rate limiting [15].

Our investigation provided a surprising yet promising framework
to explain the NMR’s fascinating longevity and resistance to age-
related pathology. We want to acknowledge that the further valida-
tion of the significance of respiratory chain assembly depends on the
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Figure 4. Quantitative analysis of BNG respiratory complex I, I1I, & IV

A one-way ANOVA was used to obtain p-value 1 (C57BL/6 young vs. old) & p-value 2 (NMR young vs. old) within species young-old interaction term, n = 2. Two-way ANOVA
was used to obtain p-value 3, cross specie young-old interaction term, n = 4. Complex I is the detection of all the bands identified with the complex I BN-PAGE immunodetection
using Anti-Grim19 antibody. Complex III is the detection of all bands identified with the complex III BN-PAGE immunodetection using Anti-UQCRC2 antibody. Complex IV is
the detection of all bands identified with the complex IV BN-PAGE immunodetection using Anti-COXI antibody.

a unique opportunity to understand the regulation of energy and oxi-
dative metabolisms which could lead to breakthroughs in combating
aging and age-related diseases.

investigation of the implications of biological function and details of
the molecular mechanism. We certainly anticipate that further char-
acterization of the respiratory chain assembly process would provide
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Figure 5. Quantitative analysis of BNG respiratory complex I & complex I-containing supercomplexes

A one-way ANOVA was used to obtain p-value 1 (C57BL/6 young vs. old) & p-value 2 (NMR young vs. old) within species young-old interaction term, n = 2. Two-way ANOVA was
used to obtain p-value 3, cross specie young-old interaction term, n = 4. A) C57BL/6 & NMR Females. B) C57BL/6 & NMR Males. In the BN-PAGE for Complex I, the three types
of bands detected and identified as ‘Complex I’, ‘Supercomplex I, III,’, and ‘Supercomplex I, Ill,, IVn’. (A) & (B) Complex I band was detected by the antibody Anti-Grimm19.
Supercomplex I, III, band was identified by both antibodies, Anti-Grimm19 and Anti-UQCRC?2. Supercomplex I, IIl,, IVn bands were identified by three antibodies, Anti-Grimm19,

Anti-UQCRCR?2 and Anti-COXI. ‘n” in Supercomplex I, III,, IVn means the sum of multiple bands identified by the antibodies containing varying numbers of complex IV.
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Figure 6. Quantitative analysis of BNG respiratory complex III & complex III-containing supercomplexes

A one-way ANOVA was used to obtain p-value 1 (C57BL/6 young vs. old) & p-value 2 (NMR young vs. old) within species young-old interaction term, n = 2. Two-way ANOVA
was used to obtain p-value 3, cross specie young-old interaction term, n = 4. A) C57BL/6 & NMR Females. B) C57BL/6 & NMR Males. In the BN-PAGE for complex III, the
four types of bands detected and identified were ‘Complex III,’, ‘Supercomplex III,, IVn’, ‘Supercomplex I, III,,” and ‘Supercomplex I, III,, IVn’. Complex III is more interactive
in its dimer form, explaining the subscript ‘2” in the figure. (A) & (B) Complex III, band was identified with antibody, Anti-UQCRC2. Supercomplex III,, IVn was identified with
antibodies Anti-UQCRC2 and Anti-COXT only in NMR.‘n’ in Supercomplex III,, IVn means the sum of multiple bands identified by antibody, Anti-COXI, containing varying
numbers of complex IV. As explained previously, C57BL/6 does not produce Supercomplex III,, IVn, these bands were not detected by the antibodies in C57BL/6. Supercomplex
I, 11T, IVn was identified by antibodies Anti-Grim19, Anti-UQCRC2, and Anti-COXI. ‘n’ in Supercomplex I, ITl,, IVn means the sum of multiple bands identified by the antibod-

ies containing varying numbers of complex IV.

MATERIALS AND METHODS

Animal preparation
C57BL/6 mice were purchased from Jackson Lab and were aged 6
and 26 months at the UTHSCSA animal facility. Naked mole-rat
were born in a laboratory breeding colony at the Barshop Institute,
UT Health San Antonio. Naked mole-rat were housed under semi-
natural conditions in an artificial burrow system within a colony
room under normoxia. The young males were 2.77 years old, and
young females were 2.77 and 4.57 years old. The older males were
32.70 years old and the older females were 15.38 and 15.94 years
old.

Experimental procedures on mice and naked mole-rat were
approved by the UTHSCSA Institutional Animal Care and Use
Committee, following the National Institutes of Health guidelines.

Mitochondrial preparation and electrophoresis of respiratory
complexes

Mitochondria were isolated according to procedures described pre-
viously [16]. Mitochondrial protein concentration was measured
using the Bradford method. Blue-native PAGE (BN-PAGE) was
used for the separation of respiratory complexes on a 4-13% gradi-
ent polyacrylamide gel. About 50 pg of mitochondrial proteins
were loaded according to procedures described previously [16]. The
protein complexes were detected by western blot with the following
antibodies (Mitosciences); MS111 against NDUFA9 of complex I
and MS304 against core 2 of complex III [17]. The western blot
was carried out according to the protocol provided by Mitosciences.
In parallel, the same amount of protein was loaded on an SDS poly-
acrylamide gel and immunoblotted with antibody MSAO3 against
porin (VDAC), which was used as a loading control.

Organelle Interface Publishing
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the sum of multiple bands identified by antibody, Anti-COXI, containing different varieties of numbers of complex IV. As explained previously, C57BL/6 does not produce super-
complex III,, IVn, these bands were not detected by the antibodies in C57BL/6. Supercomplex I, III,, IVn was identified by antibodies Anti-Grim19, Anti-UQCRC?2, and Anti-

COXI. *

Gel imaging processing: A quantitative analysis was conducted
on the blue native gels utilizing Fiji Image J (version 1.54f) to
obtain the densitometry. For each image, the background was
adjusted to accurately calculate the densitometry. For Complex I
Female BNG, the background subtraction rolling ball radius was
adjusted to 800 pixels light. The Complex III Female background
was first sharpened then the rolling ball radius was adjusted to
800 pixels light background afterwards being adjusted once again.
For Complex IV Female BNG, the background rolling ball radius
was adjusted to 800 pixels light background then sharpened twice,
smoothed, adjusted pixels to 1000, and sharpened once again. The
adjustment to the blue native gels for the males was similar to the
females. For Complex I Male, the BNG was first sharpened twice
then the background rolling ball radius was adjusted to 800 pixels.
The Complex 111 Male BNG was adjusted to 800 pixels then sharp-
ened twice followed by smoothed. Lastly, Complex IV Male was
adjusted to 800 pixels rolling ball radius then changed to 1000 pix-
els followed by sharpened twice. Each blue-native gel was analyzed
with preciseness and proficiency to eliminate errors and miscalcula-
tions. The acquired data was stored in Google Sheets and Microsoft
Excel. Using both programs, the data was cleaned and organized,
then transferred to GraphPad Prism (version 8.42 679) to create the
figures.
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n’ in supercomplex I, III,, IVn means the sum of multiple bands identified by the antibodies containing varying numbers of complex I'V.

Statistical analysis: The statistical analysis was performed using
R Studio (version 2023.12.0 + 369) and Microsoft Excel (version
18.2311.1071.0). Once all graphs were created, codes were created
to calculate the p-values for the data using one-way and two-way
ANOVA. The statistical analysis was conducted on the basis of
four factors: species, sex, age, and complex. Each factor is bro-
ken down into the following: specie, CS7BL/6 (n }4 4) and NMR
(n ¥ 4); sex, female (n % 2) and male (n }{ 2); age, young and
old; and complex, I, II1, and IV. To further group the factors, the
species are each analyzed by sex (female and male) and age
(young and old), with respect to the individual respiratory com-
plexes. The respiratory supercomplexes are unique to the indi-
vidual complex as seen in Figure 2. Figures 5-8 display the
analysis between the different factors for each specie in age, sex,
and complex. There are a total of three p-values on the figures. In
Figures 3-7 A/B, p-values 1 and 2 were obtained by a one-way
ANOVA test with n = 2 for each specie-sex specific group.
These p-values identify the significance within each specie group
based on age. P-value 3 was obtained using a two-way ANOVA
test to calculate the difference of the difference between each
species and age group, n = 4. In addition, the percentage of
change was also calculated to identify how much the groups
increased or decreased with age. Further, to create a more
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Figure 8. Quantitative analysis of BNG complex subunit detection of supercomplex by antibody

A one-way ANOVA was used to obtain p-value 1 (C57BL/6 young vs. old) & p-value 2 (NMR young vs. old) within species young-old interaction term, n = 2. Two-way ANOVA was
used to obtain p-value 3, cross specie young-old interaction term, n = 4. A) Supercomplex I, III, C57BL/6 & NMR Females & Males. Supercomplex I, 11T, was detected by antibodies
Anti-Grim19 and Anti-UQCRC2. Complex I represents the detection by antibody, Anti-Grim19. Complex III represents the detection by Anti-UQCRC2. B) Supercomplex I1I,, IVn
C57BL/6 & NMR Females & Males. Supercomplex III,, IVn was detected by antibodies Anti- UQCRC2 and Anti-COXI. Complex III represents the detection by antibody Anti-
UQCRC2. Complex IV represents the detection of Anti-COXI. Supercomplex III,, IVn was not detected by antibodies in C57BL/6 mice. C) Supercomplex I, III,, IVn C57BL/6 &
NMR Females & Males. Supercomplex I, III,, IVn was detected by antibodies Anti-Grim19, Anti-UQCRC2 and Anti-COXI. Complex I represents the detection by Anti-Grim19.
Complex I represents the detection by Anti-UQCRC2. Complex IV represents the detection by Anti-COXI.

extensive analysis of the supercomplex detection in each complex  the normalization and the difference between aging C57BL/6
subunit, the data was normalized to one versus the change, and NMR. P-values 1, 2, and 3 were calculated the same as for
increase or decrease. Each individual complex subunit was nor-  Figures 3-7. These graphs display the sex comparison of the
malized to one with the supercomplexes normalized to their re-  detection of supercomplex by each individual complex subunit
spective complex subunit. Figures 8 A-C portray the results of  once the data has been normalized to each complex subunit.
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