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A B S T R A C T

Leigh syndrome is one of the most common childhood-onset neurometabolic disorders resulting from a primary
oxidative phosphorylation dysfunction and affecting mostly brain tissues. Ndufs4−/− mice have been widely
used to study the neurological responses in this syndrome, however the reason why these animals do not display
strong muscle involvement remains elusive. We combined biochemical strategies and multi-platform metabo-
lomics to gain insight into the metabolism of both glycolytic (white quadriceps) and oxidative (soleus) skeletal
muscles from Ndufs4−/− mice. Enzyme assays confirmed severely reduced (80%) CI activity in both Ndufs4−/−

muscle types, compared to WTs. No significant alterations were evident in other respiratory chain enzyme ac-
tivities; however, Ndufs4−/− solei displayed moderate decreases in citrate synthase (12%) and CIII (18%) ac-
tivities. Through hypothesis-generating metabolic profiling, we provide the first evidence of adaptive responses
to CI dysfunction involving non-classical pathways fueling the ubiquinone (Q) cycle. We report a respective 48
and 34 discriminatory metabolites between Ndufs4−/− and WT white quadriceps and soleus muscles, among
which the most prominent alterations indicate the involvement of the glycerol-3-phosphate shuttle, electron
transfer flavoprotein system, CII, and proline cycle in fueling the Q cycle. By restoring the electron flux to CIII via
the Q cycle, these adaptive mechanisms could maintain adequate oxidative ATP production, despite CI defi-
ciency. Taken together, our results shed light on the underlying pathogenic mechanisms of CI dysfunction in
skeletal muscle. Upon further investigation, these pathways could provide novel targets for therapeutic inter-
vention in CI deficiency and potentially lead to the development of new treatment strategies.

1. Introduction

Mitochondria play a vital role in a myriad of processes involved in
metabolism, cellular bioenergetics, and metabolic cell signaling [1–4].

The mitochondrial oxidative phosphorylation (OXPHOS) system, which
comprises complexes I–IV and ATP synthase (CV), is the major con-
tributor to cellular energy production and sustains most mitochondrial
functions. The dysfunction of complex I (CI) (OMIM 252010) of the
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OXPHOS system, is the most common defect in mitochondrial energy
metabolism, often resulting in progressive, severe multi-system dete-
rioration. Due to the extreme complexity and heterogeneous nature
(genetically and clinically) of human CI deficiency, the underlying
pathogenic mechanisms thereof remain poorly understood [5,6].

Current studies on mouse models of CI dysfunction, such as the
whole-body Ndufs4−/− (knockout) mouse, attempt to better compre-
hend mitochondrial disease. The nuclear DNA-encoded NDUFS4 pro-
tein is essential to CI assembly, stability, and activity [7,8]. Ndufs4−/−

mice present with symptoms similar to human CI deficiency at around
postnatal day (P) 35 and develop a progressive Leigh-like phenotype,
including developmental delays, failure to thrive, lethargy, ophthal-
moplegia, locomotor impairment, hearing loss, as well as progressive
ataxia, and necrotizing encephalomyopathy leading to early death
(P50–60) [9–11]. Since the development of whole-body Ndufs4−/−

mice, several conditional knockouts (neuronal, glial, cardiac, hemato-
poietic, and hepatic) have been developed in order to gain insight into
tissue-specific consequences of CI dysfunction (reviewed by Toracco
et al. [12]). However, due to the main interest in the predominant
neurological phenotype of this disease model, limited information is
available on skeletal muscle-specific consequences of the Ndufs4
knockout.

A recent study by Foriel and colleagues [13] highlighted the in-
volvement of skeletal muscle in Ndufs4 knockout pathology. The au-
thors reported similarities between the phenotypes of skeletal muscle-
specific and whole-body Ndufs4 knockout Drosophila, such as reduced
lifespan, feeding difficulties, locomotor impairment, and climbing de-
fects. Given the important, often underappreciated, role of the muscular
system in health and disease [14], as well as its integration and inter-
dependence with the nervous system [15], it is imperative to elucidate
the effects of a Ndufs4 knockout on muscle metabolism. Skeletal muscle
not only facilitates breathing and locomotion but also plays an essential
role in various systemic, energy-demanding processes such as whole-
body protein metabolism, glucose, and fatty acid consumption, ther-
moregulation, immunity, as well as the maintenance of adequate bone
strength and density [14–16]. As Ndufs4−/− mice display weight loss
[9], a significant decrease in body fat [11], decreases in body tem-
perature [9], as well as systemic inflammation and osteoporosis [10], it
can be hypothesized that aberrant skeletal muscle metabolism might
also play an important role in murine Ndufs4−/− phenotypes.

We aimed to gain insight into the consequences of a Ndufs4−/− on
skeletal muscle bioenergetics and metabolism by combining biochem-
ical strategies (respiratory chain enzyme assays) and multi-platform
metabolic profiling (LC–MS/MS, GC–TOF–MS, and NMR analyses).
Since the metabolic properties and subpopulations of muscle mi-
tochondria depend on muscle fiber type composition [16], both gly-
colytic (white quadriceps; primarily type IIB myofibers) and oxidative
(soleus; primarily type I myofibers) muscles were investigated. To the
best of our knowledge, this is the first report of fiber type-specific en-
zymatic and metabolic data in Ndufs4−/− skeletal muscles. We report a
metabolic signature consisting of 48 compounds in white quadriceps
and 34 compounds in soleus muscles that distinguish whole-body
Ndufs4 knockout mice from wild types. These metabolic alterations
provide insight into skeletal muscle-specific changes in metabolic
pathways that result from whole-body mitochondrial dysfunction.
These pathways could possibly be targeted in therapeutic interventions
to promote muscle health in mitochondrial disorders and improve lo-
comotion, metabolism, and quality of life.

2. Materials and methods

Detailed information regarding the described methods can be found
in the supplementary data (Appendix A).

2.1. Animals and sampling

Male whole-body Ndufs4 knockout mice (B6.129S4-Ndufs4tm1.1Rpa/
J; referred to as Ndufs4−/−) along with age- and sex-matched controls
(Ndufs4+/+; referred to as WT) were used. Ndufs4−/− mice were born
from heterozygous (Ndufs4+/−) crosses obtained from Jackson
Laboratory (ME, USA) (JAX stock #027058, https://www.jax.org/
strain/027058). It should be noted that this mouse strain is BL6/J-de-
rived and, therefore, potentially contains the NntC57BL/6J mutation.
Ndufs4 genotypes were confirmed by polymerase chain reaction (PCR)
using tail snips. The animals were bred and housed at the specific pa-
thogen-free (SPF) unit of the Vivarium (SAVC reg. no. FR15/13458) of
the Pre-Clinical Drug Development Platform (PCDDP, NWU, RSA) and
approval (NWU-00378-16-A5) for this study was obtained from the
Animal Research Ethics Committee of the NWU. Animals were group
housed under temperature- (22 ± 1 °C), humidity- (55 ± 10%) and
light-controlled (12:12-h light/dark cycle) conditions with standard
laboratory chow (Laboratory animal food: Rodent Breeder, Cat.
#RM1845, LabChef, Nutritionhub) and water provided ad libitum.
Mice were euthanized between postnatal day (P) 45–50 via cervical
dislocation at the same time of day (8:00–9:00 AM) after overnight (12-
h) fasting. From both hind limbs, white muscle portions of quadriceps
femoris, as well as soleus muscles, were collected. Tissues were snap-
frozen in liquid nitrogen (within 15min post-mortem) and stored at
−80 °C until used.

2.2. Enzyme assays

The enzyme activities of complex I (EC 1.6.5.3), complex II (EC
1.3.5.1), complex III (EC 1.10.2.2), and complex IV (EC 1.9.3.1) of the
respiratory chain, as well as citrate synthase (EC 2.3.3.1), were mea-
sured in 700× g supernatants of white quadriceps and soleus muscle
homogenates. Analyses were performed on Ndufs4−/− (n= 12) and
WT (n=10) samples via standard operating procedures based on ex-
isting methods [17–19].

2.3. Metabolic profiling

Metabolic profiles were obtained from the white quadriceps and
soleus muscles of Ndufs4−/− (n= 19) and WT (n= 20) mice using a
multi-platform metabolomics approach. The analytical techniques were
performed as previously described and comprised of targeted liquid
chromatography-tandem mass spectrometry (LC–MS/MS) [20], un-
targeted gas chromatography time-of-flight mass spectrometry
(GC–TOF–MS) [21], and proton nuclear magnetic resonance (1H NMR)
spectroscopy [22]. However, 1H NMR spectroscopy could not be per-
formed on soleus muscles, due to limited sample quantity. The data
obtained in this study [23] can be accessed at the NIH Common Fund's
Data Repository and Coordinating Center (supported by NIH grant,
U01-DK097430) website, the Metabolomics Workbench, http://www.
metabolomicsworkbench.org.

2.3.1. Extract preparation and derivatization
Muscle tissues were finely minced and homogenized in the presence

of internal standards using a vibration mill. Metabolite extraction was
achieved using a modified monophasic Bligh–Dyer extraction method
[24] with a solvent ratio of 3:1:1 (methanol:water:chloroform). Details
regarding the exact solvent volumes used for white quadriceps
(~80mg) and soleus (~5mg) muscles can be found in the supple-
mentary data (Appendix A). The water used for extraction contained a
mixture of internal standards consisting of N, N-dimethyl-L-phenylala-
nine and 3phenylbutyric acid. Quality control (QC) samples were pre-
pared from aliquots of all samples within a tissue type. Tissue extracts
were divided into several vials (one for each analytical platform) and
dried under nitrogen. Preparation per platform, in short, was: recon-
stitution in water for 1H NMR; oximation and silylation for
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GC–TOF–MS; as well as the addition of stable isotopes and butylation
for LC–MS/MS.

2.4. Data processing

All data processing were done using Excel 2013 (Microsoft Inc.) and
MetaboAnalyst 3.0 [25].

2.4.1. Enzyme assays
Enzyme activities were normalized to total protein (mg) content,

reflecting tissue mass. Pretreatment of data involved generalized loga-
rithm (glog) transformation.

2.4.2. Metabolic profiling
Spectral data obtained from the analytical platforms were extracted

into matrices. Data matrices were individually inspected (correct peak
picking and alignment, batch effect, and data integrity) as well as
preprocessed (data filtering, missing value imputation, and normal-
ization). Metabolites were normalized to tissue mass. This was achieved
through normalization with either N, N-dimethyl-L-phenylalanine
(GC–TOF–MS and LC–MS/MS data) or 3-phenylbutyric acid (1H NMR
data). In addition, metabolites measured with LC–MS/MS were further
normalized to stable isotopes, which were added to samples before
derivatization. Each metabolite was either normalized to its own iso-
tope (where possible) or to an isotope with a similar retention time to
which the metabolite strongly correlated. No batch corrections were
needed as the QCs showed no significant batch effects. Thereafter, data
pretreatment (glog transformation and mean centering) and outlier
detection (principal component analysis (PCA) and heatmaps) were
done.

2.5. Statistical analyses

2.5.1. Enzyme assays
Differences between Ndufs4−/− and WT enzyme activities were

regarded as statistically significant with a Student's t-test p-value
of< 0.05.

2.5.2. Metabolic profiling
Significantly discriminatory features between Ndufs4−/− and WT

metabolic profiles were determined via univariate analyses. Statistically
important differences (Student's t-test p-values) were inspected at a 5%
and 10% significance level, and false discovery rate-adjusted p-values
were calculated. The cut-off threshold for practical significance [26]
was set at an effect size D-value of ≥0.5. The important features were
visually investigated regarding their clustering, covariance, and dis-
criminatory power via PCA as well as volcano plots. PCA was performed
in MetaboAnalyst 3.0 [25] on a log-transformed and autoscaled dataset
— comprising only the important metabolites identified on each plat-
form. Finally, metabolite identities were assigned to spectral features,
with high confidence levels [27,28]. Data set features were identified
via spectral and retention time matching using commercial and in-
house spectral libraries together with public databases.

3. Results and discussion

3.1. Respiratory chain enzyme activities in Ndufs4−/− muscles of different
fiber type composition

The average (± SD) mitochondrial enzyme activities (respiratory
chain complexes I-IV and citrate synthase) in Ndufs4−/− (n= 12) and
WT (n=10) white quadriceps and soleus muscles are summarized in
Table 1. Enzyme activities were normalized to total protein (mg) con-
tent, rather than citrate synthase (CS) content, in order to focus on the
relative enzyme capacity per tissue mass — thereby emphasizing the
relative mitochondrial content of the two muscle fiber types, which was

relevant to our metabolic results. In addition, Alam and colleagues [29]
recently called into question whether CS activity could be considered a
measure of mitochondrial volume in Ndufs4−/− mice. Through ex-
perimental and computational strategies, the authors reported sig-
nificantly increased (72%) CS activity in Ndufs4−/− muscles — sug-
gested to reflect an increase in Krebs cycle enzyme levels rather than
mitochondrial content. With regard to our data, no significant differ-
ence in CS activity was found in Ndufs4−/− white quadriceps muscles
compared to WTs; whereas a moderate decrease (12%, p= 0.0149) in
CS activity was observed in Ndufs4−/− soleus muscles. Therefore, since
a statistically significant difference was detected between WT and
Ndufs4−/− soleus samples, normalization to CS would more than likely
skew enzymatic data and lead to a distorted picture of the results. The
lower Ndufs4−/− soleus CS activity we report, is in stark contrast to the
72% increase in CS activity previously reported for Ndufs4−/− (P35)
hind limb muscles [29] — the difference could possibly be ascribed to
the age difference between the mice studied or differences in the ex-
perimental procedures employed. However, several studies [9,30–32]
on other Ndufs4−/− tissues have reported no alterations in CS activity,
similar to the results we report here. This discrepancy should thus be
investigated further.

Our data revealed a severe reduction (80%) in rotenone-sensitive CI
activity (p < 0.0001) in both Ndufs4−/− white quadriceps and soleus
muscles, compared to WTs. These results correspond with that reported
for Ndufs4−/− skeletal muscle [7,29]. Although CI activity is reduced
by the same factor in both muscles, glycolytic fibers have approxi-
mately 2–3 times fewer mitochondria than oxidative fibers [16]. Ac-
cordingly, with a Ndufs4 knockout, our data demonstrate that glycolytic
fibers display a much lower residual CI activity (4.58 ± 1.67 nmol/
min/mg) than oxidative fibers (14.74 ± 6.67 nmol/min/mg). As evi-
dent from our metabolomics data (discussed in Section 3.4), this dif-
ference in residual CI activity reflects a biochemical threshold effect
with the metabolic consequences of CI deficiency considerably more
apparent in white quadriceps compared to soleus muscles. In agree-
ment, model predictions by Alam and colleagues [29] (on entire hind
limb Ndufs4−/− muscle) suggested that CI activity could be inhibited
up to a critical value (90% of normal levels) before major metabolic
consequences become apparent.

We found no significant differences in CII–CIV activities in Ndufs4−/

− white quadriceps compared to WTs. However, in Ndufs4−/− soleus
muscles, CIII activity was moderately decreased (18%, p < 0.0001).
CIII has been shown to form a functional, albeit unstable, supercomplex
with CI subassemblies in Ndufs4−/− muscle [7] and slight decreases in
CIII activity have been reported in other tissues from Ndufs4−/− mice
[9,31] as well as patients [30,33–36]. Literature reports on respiratory
chain (RC) enzyme activities in Ndufs4−/− mice are quite diverse, with
multiple studies [7,9,29–31] reporting variations in CII–CIV activity.
This variation can possibly be attributed to tissue-specific differences,
variances in sample preparation resulting in different amounts of
functional enzyme (especially in the case of CI and supercomplexes
thereof, due to its instability), as well as differences in the age of the
mice at which point they were studied.

3.2. Statistical significance and discriminative power of Ndufs4−/−

metabolic profiles

At 95% and 90% significance, univariate statistical analyses re-
vealed a respective 48 (Table A.2) and 34 (Table A.3) discriminatory
metabolites between Ndufs4−/− and WT white quadriceps and soleus
muscles. Volcano plots (Fig. 1 A and B) depict the practical significance
of all analytes detected by multi-platform metabolomics in white
quadriceps and soleus muscles respectively. Significantly altered me-
tabolites are indicated as decreased (green) or increased (red), while
insignificant alterations are shown in gray. The five most decreased and
increased metabolites are highlighted with ellipses and listed according
to rank. As evident in the volcano plots, the majority of important
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metabolites were decreased in Ndufs4−/− muscles, compared to WTs,
with the white quadriceps (Fig. 1A) displaying a more pronounced
metabolic profile. The highest relative fold change was attributed to
decreased levels of N, N-dimethylglycine (DMG), creatinine, and 2-
aminoadipate (2AA), while the most prominent increases in metabolite
levels (common to both muscles) were seen in lysine (Lys) and its
catabolic product — pipecolate (Pip), as well as N-acetylaspartate
(NAA). Multivariate PCA (Fig. 2) of significant metabolites revealed a
partial separation in the clustering of Ndufs4−/− and WT groups in both
muscles, indicating a distinct metabolic profile in Ndufs4−/− muscle.

3.3. Common metabolic alterations in Ndufs4−/− skeletal muscles of
different fiber type composition

Numerous alterations in the levels of amino acids, acylcarnitines,
and organic acids were evident in Ndufs4−/− skeletal muscles. The
Venn diagram in Fig. 3 illustrates the number of similarities, as well as
differences, observed between Ndufs4−/− metabolic profiles in the two
muscles. Among the metabolites differing between genotypes, the ma-
jority (n=26) were common to both white quadriceps and soleus
muscles. Taken together, these adaptions revealed a similar bioener-
getic flexibility in skeletal muscles of different fiber type composition.
The most prominent changes in metabolite levels could be organized
into several non-classical pathways involved in oxidative metabolism
and redox regulation as depicted in Fig. 4. These pathways seem to
participate in an attempt to increase (and restore) the electron flux to
the RC via the ubiquinone (Q) pool, fueling CIII and allowing oxidative
ATP production while bypassing CI in the process. A more in-depth
discussion of the adaptive mechanisms involved in Ndufs4−/− skeletal
muscle follows.

3.3.1. Glycolysis, triglyceride catabolism and the glycerol-3-phosphate (GP)
shuttle

The accumulation of pyruvate and its derivatives, lactate, and ala-
nine is considered a hallmark feature of mitochondrial metabolic dys-
function attributed to a disturbed redox balance (decreased NAD+/

NADH ratio) [37]. In agreement with this hallmark, Johnson and col-
leagues [11] reported the accumulation of pyruvate, lactate, and gly-
colytic intermediates in Ndufs4−/− whole-brain (P30). However, in
Ndufs4−/− skeletal muscles, we observed significantly decreased levels
of pyruvate, glycerol, and alanine along with significantly (white
quadriceps) and moderately (soleus) decreased lactate levels. A possible
mechanistic explanation for these observations is the activity of the
glycerol-3-phosphate (GP) shuttle. Like lactate dehydrogenase, the GP
shuttle rapidly re-oxidizes cytosolic NADH produced by glycolysis.
However, an important difference between these redox regulatory
mechanisms is the oxidative ATP producing capacity of the GP shuttle.
Lying at the intersection of glycolysis, fatty acid metabolism, and oxi-
dative phosphorylation, the GP shuttle serves as an alternative electron
donor to the RC at the ubiquinone (Q) pool by transferring reducing
equivalents from the cytosol to mitochondria. In this shuttle, the cy-
tosolic enzyme, glycerol-3-phosphate dehydrogenase (c-GPDH, EC
1.1.1.8), oxidizes NADH to NAD+ during the synthesis of GP from di-
hydroxyacetone phosphate (DHAP) — formed from either glycolysis or
the phosphorylation of glycerol derived from triglyceride catabolism.
GP can then be used as a substrate for the synthesis of either pyruvate,
triglycerides, or phospholipids, however, in the case of the GP shuttle,
GP is converted back to DHAP via the inner-membrane bound mi-
tochondrial form of GPDH (m-GPDH) which reduces FAD to FADH2.
FADH2 then reduces ubiquinone (Q) to ubiquinol (QH2). The resulting
DHAP is then recycled to again oxidize cytosolic NADH. Although un-
derstanding of the structure, function, and regulation of this system is
still limited (reviewed by McDonald et al. [38]), several studies have
suggested the important role of m-GPDH in thermogenesis and have
shown it to be an important site of ROS production. Among the various
metabolite shuttles responsible for the transfer of reducing equivalents
from the cytosol to mitochondria, the GP shuttle is the most important
in skeletal muscle [16]. Therefore, we postulate that the metabolic al-
terations we observed indicate the diversion of the glycolytic and tri-
glyceride catabolic fluxes towards the GP shuttle in an attempt to not
only restore the redox balance but also electron delivery to the RC at
the Q pool. This mechanism could also possibly be involved in aberrant

Table 1
Mitochondrial respiratory chain enzyme activities in skeletal muscles from WT and Ndufs4−/− mice.

Enzyme activity White quadriceps Soleus

(nmol/min/mg) WT Ndufs4−/− Ndufs4−/−/WT WT Ndufs4−/− Ndufs4−/−/WT

CI 22.9 ± 5.9 4.58 ± 1.7* 0.20 81.2 ± 15.1 14.7 ± 6.7* 0.19
CII 29.9 ± 4.2 31.3 ± 5.0 1.05 63.1 ± 9.8 63.6 ± 10.3 1.01
CIII 430.2 ± 57.1 455.6 ± 47.8 1.06 1430.1 ± 105.1 1170.7 ± 97.4* 0.82
CIV 275.1 ± 32.4 273.8 ± 30.6 1.00 1033.1 ± 168.7 1077.0 ± 199.1 1.04
CS 233.4 ± 48.4 229.7 ± 50.6 0.98 636.7 ± 51.5 562.9 ± 75.3* 0.88

Enzyme activities normalized to mg protein. Average values (± SD) were obtained from 12 Ndufs4−/− and 10 WT animals. Significant differences in Ndufs4−/−

enzyme activity relative to WTs are indicated with an asterisk (⁎p < 0.05). Abbreviations: CI, Complex I; CII, Complex II; CIII, Complex III; CIV, Complex IV; CS,
Citrate synthase; WT, Wild type (Ndufs4+/+).

Fig. 1. Univariate analyses indicating the practical
significance of important skeletal muscle metabolites.
Volcano plots depicting multi-platform metabolomics
results of A: white quadriceps muscles and B: soleus
muscles from Ndufs4−/− mice (n= 19) compared to
WTs (n=20). The x-axis specifies the effect size
raised to the third power (D3) and the y-axis specifies
the negative logarithm to the base 10 of the t-test p-
values. Green and red symbols respectively indicate
metabolites significantly lower or higher in Ndufs4−/

− mice compared to WTs (p < 0.1 and D≥ 0.5). The
five most significantly decreased and increased me-
tabolites are highlighted and listed according to rank.
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ROS production, a feature often reported in mitochondrial disease.

3.3.2. β-oxidation, amino acid catabolism, and the electron transfer
flavoprotein (ETF/ETF-QO) system

Both Ndufs4−/− skeletal muscle types displayed dramatic decreases
in the levels of N, N-dimethylglycine (DMG), fatty acid acylcarnitines of
even (C0, C4, C6, C8, C12, and C16) and odd (C3 and C5) chain length,
as well as 2-aminoadipate (2-AA). Although previous metabolomics
investigations on mitochondrial disease have reported disturbances in
one‑carbon metabolism, the catabolism of fatty acids, branched-chain
amino acids (BCAA), as well as the ketogenic amino acid, lysine, the
underlying mechanisms remain unclear [37]. We postulate that these
diverse metabolic alterations point to several pathways that converge at
the electron transfer flavoprotein (ETF/ETF-QO) system. The ETF/ETF-
QO system functions as an electron transfer pathway conducting elec-
trons from eleven mitochondrial flavoprotein dehydrogenases (m-
FDHs) to the Q pool of the RC. These m-FDHs include enzymes involved
in mitochondrial one‑carbon metabolism (dimethylglycine dehy-
drogenase, EC 1.5.99.2; and sarcosine dehydrogenase, EC 1.5.99.1),
fatty acid β-oxidation (short-chain acyl-CoA dehydrogenase, EC
1.3.99.2; medium-chain acyl-CoA dehydrogenase, EC 1.3.99.3; and
long-chain acyl-CoA dehydrogenase, EC 1.3.99.13), as well as bran-
ched-chain amino acid catabolism (isovaleryl-CoA dehydrogenase, EC
1.3.99.10; and isobutyryl-CoA dehydrogenase) and lysine catabolism
(glutaryl-CoA dehydrogenase, EC 1.3.99.7) (reviewed by Watmough

et al. [39]). Therefore we hypothesize that, in Ndufs4−/− skeletal
muscle, there is an increased flux through these m-FDHs supplying the
ETF/ETF-QO system with electrons in order to compensate for de-
creased electron transfer from CI. This increased flux, in part, could
lead to the observed decreased metabolite levels. However, this switch
in flux cannot effectively compensate for the CI defect as all of these
FADH2 producing pathways also require NAD+ as a co-factor. NADH
levels could build up due to CI inactivity as well as these compensatory
reactions themselves. The hypothesized result of the altered redox state
and shortage of NAD+ is seen in the lysine catabolic pathway. Lysine is
normally catabolized to 2AA via the saccharopine pathway, which re-
quires NADP+ and two NAD+ molecules. The subsequent conversion of
2-AA to glutaryl-CoA (substrate for ETF/ETF-QO system) requires an
additional NAD+ molecule. In addition to decreased 2-AA levels, we
observed the accumulation of lysine and its alternative catabolite, pi-
pecolate (Pip), in Ndufs4−/− skeletal muscles — indicating that an al-
ternative non-NAD+-consuming catabolic route is preferred, resulting
in an even larger reduction in 2-AA levels. Altogether, the data suggest
that βoxidation and amino acid catabolism might fuel the Q cycle via
the ETF/ETF-QO system, even though a disturbed redox balance might
limit the efficacy of some of the reactions.

When comparing previous metabolomics studies on Ndufs4
knockout mice with our current observations, similar ambiguous effects
on lipid metabolism are noticeable. In Ndufs4−/− liver, markedly re-
duced levels of fat droplets and free fatty acids were reported [11];

Fig. 2. Multivariate analyses indicating the discriminative
power of important skeletal muscle metabolites. Principal
component analysis (PCA) scores plots depicting significant
metabolites (p < 0.1, D≥ 0.5) identified in A: white
quadriceps muscles and B: soleus muscles. Partial separa-
tion in the clustering of Ndufs4−/− (n= 19, blue) and WT
(n= 20, gray) groups are visible in both cases. White
quadriceps: PC1 and PC2 account for 30.0% and 14.4% of
variation respectively. Soleus: PC1 and PC2 account for
36.5% and 13.3% of variation respectively.

Fig. 3. Venn diagram of important metabolites dis-
criminating Ndufs4−/− and WT groups in skeletal
muscles. Green and red respectively indicate meta-
bolites significantly (p < 0.1 and D≥ 0.5) lower or
higher in Ndufs4−/− mice (n= 19) compared to WTs
(n= 20). Among the important metabolites identi-
fied, 26 were common to both muscles, while several
alterations were unique to the quadriceps (n=17)
and soleus (n=8). Important metabolites (n= 5)
identified in white quadriceps muscles by NMR
spectroscopy were excluded from the comparison as
soleus samples were not analyzed on that analytical
platform due to limited sample quantity.
Abbreviations: 1-Mhis, 1-Methylhistidine; 2-AA, 2-
Aminoadipate; 2-Mhis, 2-Methylhistidine; Ala,
Alanine; Asn, Asparagine; Asp, Aspartate; BAIBA, β-
aminoisobutyrate; β-Ala, Beta-alanine; C0, Carnitine;
C2, Acetyl-carnitine; C3, Propionyl-carnitine; C4,
Butyryl-carnitine; C5, Isovaleryl-carnitine; C6,

Hexanoyl-carnitine; C8, Octanoyl-carnitine; C12, Dodecanoyl-carnitine; C14, Myristoyl-carnitine; C16, Palmitoyl-carnitine; C18, Stearoyl-carnitine; Cit, Citrulline;
DMG, N, N-Dimethylglycine; Gln; Glutamine; Glu, Glutamate; Hpro, Hydroxyproline; Lys, Lysine; Met, Methionine; NAA, N-Acetylaspartate; NAG, N-
Acetylglutamate; pGlu, Pyroglutamate; Phe, Phenylalanine; Pip, Pipecolate; Pro, Proline; Ser, Serine; Tau, Taurine, Thr, Threonine; TMG, Trimethylglycine; Tryp,
Tryptophan.
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while significantly increased blood hydroxy-acylcarnitine (C4:0, C16:0,
and C18:1) levels were reported in a comparable Ndufs4 knockout
mouse model (Ndufs4fky/fky) [32]. The latter observation was postulated
to reflect a blockage in the NAD+-dependent (third) step of βoxidation.
However, upon further investigation, Ndufs4fky/fky liver and heart re-
vealed no alterations in carnitine species, while skeletal muscle dis-
played no detectable lipid accumulation via Oil Red O staining [32].
These observations could fit into our combined hypotheses of decreased
lipogenesis and increased lipolysis due to the activity of the GP shuttle,
as well as increased fatty acid βoxidation, albeit inefficient due to a
redox imbalance.

3.3.3. One‑carbon metabolism, the methylation cycle, and the
transsulfuration pathway

The altered redox state, as well as the postulated use of DMG by the
ETF/ETF-QO system, seem to contribute to the disruption of one‑carbon
metabolism, the methylation cycle, and the transsulfuration pathway.
These disturbances were more prominent in white quadriceps muscles
which, along with decreased levels of DMG, displayed significantly
decreased levels of trimethylglycine (betaine), methionine, threonine,
and the accumulation of choline. Trimethylglycine (TMG) originates
from the NAD+ dependent catabolism of choline, which takes place in
mitochondria. DMG is then produced from TMG in a folate-independent
cytosolic reaction during which homocysteine is re-methylated to me-
thionine. NAD+ shortage could, therefore, cause choline build up and a
further reduction in DMG levels. As DMG also has the ability to yield
one‑carbon units via folate-dependent mitochondrial reactions

involving dimethylglycine dehydrogenase (which produces sarcosine)
and sarcosine dehydrogenase (which produces glycine), this metabolite
links one‑carbon metabolism to the ETF/ETF-QO system.

Furthermore, in both Ndufs4−/− skeletal muscle types, dramatic
decreases were seen in creatinine levels along with slightly (not sig-
nificantly) reduced creatine levels. Creatine biosynthesis takes place
chiefly in the liver and kidneys, however, a small amount of skeletal
muscle creatine stores have been shown to be produced in the muscles
themselves [40]. Creatine biosynthesis is a two-step reaction involving
the conversion of arginine and glycine to guanidinoacetate, which is
then methylated via SAM to form creatine and SAH. A disturbance in
one‑carbon metabolism could lead to lowered SAM available for me-
thylation reactions, therefore dramatic decreases in creatinine could
reflect the disrupted methylation of guanidinoacetate to creatine. In
agreement, significantly reduced levels of 1-methylhistidine (1-Mhis)
and increased levels of histamine in Ndufs4−/− white quadriceps could
also reflect disturbed methylation reactions. On the whole, the observed
metabolic alterations indicate disturbances in one‑carbon metabolism
and methylation reactions, possibly due to a disturbed redox balance
and derangements in DMG metabolism.

3.3.4. The Krebs cycle and mitochondrial complex II (succinate
dehydrogenase)

We observed significantly decreased levels of succinate and malate
in both muscles along with significant (soleus) and moderate (white
quadriceps) reductions in fumarate levels. A similar observation was
made in Ndufs4−/− (P35) hind limb skeletal muscle by Alam and

Fig. 4. Common metabolic alterations in Ndufs4−/− skeletal muscles. Ndufs4−/− quadriceps and soleus skeletal muscles both show a metabolic shift towards several
non-classical pathways involved in oxidative metabolism and redox regulation, in an attempt to restore electron delivery to the respiratory chain via the ubiquinone
(Q) pool. Green and red indicate metabolite levels significantly lower or higher, respectively, in Ndufs4−/− mice (n=19) compared to WTs (n=20). Pink arrows
indicate electron flow. Dashed lines reflect multi-step reactions not fully shown. Multi-platform metabolic profiling of Ndufs4−/− skeletal muscles indicates (from left
to right): 1) a shift in glycolysis and triglyceride catabolism towards the glycerol-3-phosphate shuttle, which re-oxidizes cytosolic NADH while serving as an electron
donor to the respiratory chain via the mitochondrial enzyme glycerol-3-phosphate dehydrogenase (m-GPDH); 2) a shift in flux through several mitochondrial
flavoprotein dehydrogenases (m-FDH) involved in one‑carbon metabolism (dimethylglycine dehydrogenase), fatty acid β-oxidation (short-, medium- and long-chain
acyl-CoA dehydrogenase), and amino acid catabolism (isobutyryl-, isovaleryl- and glutaryl-CoA dehydrogenase) which supply electrons to the respiratory chain via
the electron transfer flavoprotein (ETF/ETF-QO) system; 3) a shift in flux through the Krebs cycle to increase electron delivery to the respiratory chain via complex II
(CII; succinate dehydrogenase); and 4) increased mitochondrial cycling of proline and pyrroline-5-carboxylate (P-5-C) to directly provide electrons to the respiratory
chain via proline dehydrogenase and sustain NAD+ levels. Abbreviations: Enzymes in blue: ETF, Electron transfer flavoprotein; ETF-QO, Electron transfer flavo-
protein:ubiquinone oxidoreductase; m-FDH(s), Mitochondrial flavoprotein dehydrogenase(s); m-GPDH, Mitochondrial glycerol-3-phosphate dehydrogenase; c-
GPDH, Cytosolic glycerol-3-phosphate dehydrogenase; CII, Complex II or succinate dehydrogenase; ProDH, Proline dehydrogenase; PYCR, Pyrroline-5-carboxylate
reductase; Cyt c, Cytochrome c. Electron carriers: FAD, Oxidized flavin adenine dinucleotide; FADH2, Reduced flavin adenine dinucleotide; NAD+, Oxidized nicotine
amide adenine dinucleotide; NADH, Reduced nicotine amide adenine dinucleotide; Q, Ubiquinone (oxidized coenzyme Q); QH2, Ubiquinol (reduced coenzyme Q).
Metabolites: 2-AA, 2-Aminoadipate; 5-MTHF, 5-Methyltetrahydrofolate; Ala, Alanine; Arg, Arginine; Asp, Aspartate; C0, Carnitine; C12, Dodecanoyl-carnitine; C16,
Palmitoyl-carnitine; C3, Propionyl-carnitine; C4, Butyryl-carnitine; C5, Isovaleryl-carnitine; C6, Hexanoyl-carnitine; C8, Octanoyl-carnitine; Cit, Citrulline; DHAP,
Dihydroxyacetone phosphate; DMG, N, N-Dimethylglycine; GP, Glycerol-3-phosphate; Gln; Glutamine; Glu, Glutamate; Gly, Glycine; Hcys, Homocysteine; Hpro,
Hydroxyproline; Lys, Lysine; Met, Methionine; NAA, N-Acetylaspartate; Orn, Ornithine; P-5-C, Pyrroline-5-carboxylate; Pip, Pipecolate; Pro, Proline; SAH, S-ade-
nosylhomocysteine; SAM, S-adenosylmethionine; Sar, Sarcosine; Ser, Serine; THFA, Tetrahydrofolate.
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colleagues [29], who reported decreased succinate levels along with an
increase in flux (10–11%) through reactions providing substrates to CII
and a slight decrease in the other (generally NAD+ consuming) reac-
tions which mainly fuel CI. The reduction in metabolite levels we ob-
served could, therefore, reflect an increased use of succinate to fuel CII
and the respiratory chain via the Q pool together with a decreased re-
supply thereof due to a congested Krebs cycle. In addition, we observed
increased levels of N-acetylasparte (NAA) which is hypothesized to be
an alternative storage and transport form of acetate and has been
suggested to play a role in lipid metabolism and posttranslational
protein modification [41]. Although the physiological functions of NAA
are still poorly understood, it was recently discovered that NAA meta-
bolism is not exclusive to the brain as previously thought. Aberrant
NAA metabolism has been reported in mitochondrial disease, however,
to the best of our knowledge this is the first report thereof in skeletal
muscle. NAA is synthesized from aspartate and acetyl-CoA by aspartate
N-acetyltransferase (Asp-NAT, EC 2.3.1.17). In skeletal muscle, the
expression of Nat8l mRNA (encoding Asp-NAT) has been observed, al-
though levels were reported to be negligible [41]. We, therefore, hy-
pothesize that the rate of acetyl-CoA synthesis from sources like β-
oxidation and lysine catabolism (which fuel the ETF/ETF-QO system)
exceeds the rate at which the Krebs cycle can utilize the molecule,
therefore acetyl-CoA accumulates and is converted to NAA [41].

3.3.5. Proline metabolism and the proline cycle
Although there is still much to be learned about the precise me-

chanism and functions of the proline cycle, the vital role of this rela-
tively novel pathway in health and disease is becoming increasingly
clear (reviewed by Phang et al. [42]). Some of the most striking me-
tabolic alterations we observed in Ndufs4−/− skeletal muscles included
the reduction of proline, hydroxyproline (Hpro), citrulline, glutamate,
and glutamine levels. These alterations could reflect aberrant proline
metabolism, which is strongly associated with the pentose phosphate
pathway, urea cycle, and Krebs cycle. The mitochondrial flavin-de-
pendent enzyme, proline dehydrogenase (ProDH, EC 1.5.99.8), together
with the cytosolic (PYCRL) and mitochondrial (PYCR1/2) isoforms of
pyrroline-5-carboxylate reductase (EC 1.5.1.2) are responsible for the
interconversions of proline and pyrroline-5-carboxylate (P-5-C) con-
stituting the proline cycle. Proline can directly act as an alternative
source of electron delivery to the RC Q pool, through its catabolism to
P-5-C via ProDH. P-5-C can also be synthesized from either glutamate or
ornithine while its conversion back to proline regenerates NAD(P)+.
We, therefore, postulate that the adaptive increased cycling of proline
and P-5-C might serve to sustain QH2 and NAD(P)+ levels. In addition
to energy production and redox homeostasis, proline metabolism has
been shown to be involved in ROS production, the initiation of apop-
tosis, autophagy, as well as protein and nucleotide synthesis while
proline's post-translational product, hydroxyproline, has recently been
recognized as a substrate for the synthesis of pyruvate, glucose, and
glycine (reviewed by Wu et al. [43]). Taken together, proline metabo-
lism might play a central role in several metabolic pathway derange-
ments often reported in mitochondrial disease.

3.4. Fiber type-specific metabolic alterations in Ndusf4−/− skeletal muscles

When looking at the difference between the important metabolites
identified in Ndufs4−/− muscles (Fig. 3), seventeen metabolites were
uniquely altered in the white quadriceps while eight alterations were
unique to the soleus. This comparison excludes the five important
metabolites detected with NMR spectroscopy as soleus samples were
not analyzed on that analytical platform due to limited sample quantity.
Altogether, glycolytic fibers (white quadriceps) seemed to show more
pronounced metabolic disturbances in response to CI deficiency with
NAA accumulation being more than two-fold higher than in soleus
muscles, along with an additional accumulation of acetyl-CoA deriva-
tives, acetate, and acetyl-carnitine (C2). In addition, Ndufs4−/− white

quadriceps muscles showed significant 3-methylhistidine accumulation,
which is indicative of myofibrillar protein breakdown [44]. This ob-
servation agrees with literature reports of glycolytic fibers showing
more pronounced atrophy than oxidative fibers in pathological condi-
tions affecting muscle protein balance, and aging [16]. Taken together
with the greater disturbance in methylation reactions we observed in
white quadriceps muscles (discussed in Section 3.3.3), these alterations
could indicate more profound disruptions of the redox balance (NAD+/
NADH ratio), Krebs cycle congestion and possible acetyl-CoA accumu-
lation in more glycolytic muscle fibers. In addition to less dramatic
metabolic alterations than in the white quadriceps, we saw significantly
increased levels of serine along with decreased levels of taurine and
pyroglutamate in Ndufs4−/− soleus muscles. These alterations could
indicate a shift in glycolysis towards serine production, which could be
used for glutathione synthesis — a phenomenon often described in
mitochondrial disease due to increased electron leak and ROS produc-
tion. As oxidative fibers have been shown to have a greater supply of
substrates, oxygen, and more mitochondria (with greater oxidative
capacity) [16], it can be postulated that mitochondrial ROS levels —
due to the CI deficiency — are higher in Ndufs4−/− soleus muscles and
therefore the need for glutathione ROS scavenging is greater. Further-
more, our results suggest that BCAA catabolism might be more dra-
matically affected in soleus muscles as we observed moderately (but not
significantly) increased levels of valine and leucine, significant de-
creases in β-aminoisobutyrate (BAIBA) levels, and much greater de-
creases in C5- and C3-carnitine levels than in the white quadriceps
muscles. Hence, the data could point to a more effectively functioning
Krebs cycle and a better metabolic adaption of soleus muscles to the CI
defect.

4. Conclusions

We report the first fiber type-specific enzymatic and metabolic data
in Ndufs4−/− skeletal muscles. Enzyme assays revealed a severe re-
duction (80%) in CI activity in both glycolytic (white quadriceps) and
oxidative (soleus) muscles from whole-body Ndufs4−/− mice. Such an
extreme reduction in CI activity would greatly reduce the electron flux
to the rest of the respiratory chain (RC). As an adaptive response in both
tissues, our metabolic data suggest that alternative fuels and non-clas-
sical pathways serve to sustain the RC ubiquinol (QH2) pool, thereby
restoring electron flux to CIII through the ubiquinone (Q) cycle.
However, despite these metabolic adaptions in skeletal muscle, a dis-
turbed redox balance still seems to result in congested mitochondrial
pathways. Metabolic and bioenergetic disturbances due to CI deficiency
seem to be more evident in glycolytic fibers, possibly due to their in-
nately lower mitochondrial content. Some of the most significant me-
tabolic alterations we observed in Ndufs4−/− muscles implicate the
involvement of the glycerol-3-phosphate (GP) shuttle, the electron
transfer flavoprotein (ETF/ETF-QO) system, complex II of the RC, and
the proline cycle in electron delivery to the Q pool. Some of these
mechanisms might also serve to restore NAD+ levels (GP shuttle and
proline cycle), while others could contribute to redox imbalance (NAD+

consuming reactions fueling ETF/ETF-QO and the Krebs cycle) in CI
deficiency. Altogether, the observed adaptive mechanisms could ex-
plain the apparent lack of an obvious muscle phenotype in Ndufs4−/−

mice, as well as the reported ability of skeletal muscle to maintain
normal ATP production, despite CI deficiency [9,29]. However, the
hypotheses generated in this study need to be followed up/validated in
more targeted metabolic studies on Ndufs4−/− mice. For now, it re-
mains unclear whether these adaptive responses are capable of sus-
taining energy homeostasis when challenged with exercise or nutrient
deprivation. A comparison of these and related metabolic pathways in
other tissues (e.g. the brain) could possibly provide answers to tissue-
specific phenotypes and novel insight in targeted therapeutic inter-
ventions.
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