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Abstract

In this study, we investigated the metabolic signatures of different mitochondrial

defects (two different complex I and complex V, and the one MDH2 defect) in

human skin fibroblasts (HSF). We hypothesized that using a selective culture

medium would cause defect specific adaptation of the metabolome and further

our understanding of the biochemical implications for the studied defects. All cells

were cultivated under galactose stress condition and compared to glucose-based

cell culture condition. We investigated the bioenergetic profile using Seahorse

XFe96 cell analyzer and assessed the extracellular metabolic footprints and the

intracellular metabolic fingerprints using NMR. The galactose-based culture con-

dition forced a bioenergetic switch from a glycolytic to an oxidative state in all cell

lines which improved overall separation of controls from the different defect

groups. The extracellular metabolome was discriminative for separating controls

from defects but not the specific defects, whereas the intracellular metabolome

suggests CI and CV changes and revealed clear MDH2 defect-specific changes

in metabolites associated with the TCA cycle, malate aspartate shuttle, and the

choline metabolism, which are pronounced under galactose condition.
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1 | INTRODUCTION

Mitochondrial disorders are among the most frequent
inborn errors of metabolism. Different defects are
clinically heterogeneous, the pathomechanisms are notPeter Vermathen and Jean-Marc Nuoffer contributed equally.
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well understood and frequently lack specific metabolic
markers.1 Mitochondria not only hold an important role
in energy production via oxidative phosphorylation
(OXHPOS) but also are involved in many signaling path-
ways and biosynthesis.2 Therefore, defects within the
mitochondrial metabolism may lead to highly diverse
metabolic changes including numerous secondary effects,
for example through alterations of the redox state across
the inner mitochondrial membrane, or imbalances in the
mitochondrial proteostasis (resulting in the mitochon-
drial unfolded protein response3). Furthermore, changes
in TCA cycle metabolite levels can have a myriad of
downstream effects as many biochemical reactions and
mitochondrial shuttles are governed by negative feedback
loops. The release of mitochondrial reactive oxygen species
(ROS) has been described in complex I (CI) and complex
V (CV) defects to result in metabolic adaptions.4–6

The cell metabolism and especially the mitochon-
drial function and dysfunction is dependent on nutrient
availability and galactose-based fibroblast culture
media has been used as screening test of OXPHOS
deficient cell lines. Galactose based culture decreases
activity of anaerobic glycolysis and induces aerobic
energy production.7 It has been shown that galactose
based media led to an increase in mitochondrial oxida-
tive metabolism and better discriminating metabolic
signatures in mitochondrial dysfunctions.8

In a previous paper we have shown that metabolomics
discrimination between a CI and a pyruvate dehydrogenase
(PDH) defect can be ameliorated using galactose based
media.9 The CI defect showed increased choline metabolites
under galactose while the PDH defect displayed a height-
ened glutaminolytic metabolism and an increase of several
amino acids (leucine, isoleucine, valine, phenylalanine, and
tyrosine) when compared to controls.

We were curious whether the metabolic profiles of
even structurally nearby defects within the respiratory
chain such as complex I (CI; NDUFS3 and NDUFS4)
and complex V (CV; MT-ATP6 and MT-ATP8/6) were
distinguishable from each other and from the MDH2
(mitochondrial malate dehydrogenase) associated TCA
cycle defect using NMR based metabolomics. NMR
spectroscopy is an established technique in the field of
metabolomics for ex vivo applications. The most common
use is for biofluids using liquid NMR,10 however,
High-Resolution Magic Angle Spinning (HR-MAS) NMR
is capable of generating metabolic profiles of cells and
biopsies without the need for metabolite extraction or
tissue homogenization. The resulting measurements are,
therefore, closer to in vivo conditions than other methods.
By spinning semi-solid samples at the magic angle of 54.7�

relative to B0 several line broadening effects are aver-
aged out. The resulting spectral quality regarding both

resolution and sensitivity is comparable to liquid NMR
samples.11–13

We hypothesize that the different biochemical defects
generate different metabolic signaling in dysfunction.
Studying the metabolic impact of different mitochondrial
defects can help identify and characterize signaling cas-
cades caused by defects and, therefore, help to reveal yet
unknown relationships between mitochondrial dysfunc-
tion and secondary metabolic alterations.

2 | MATERIALS AND METHODS

2.1 | Cell culture

We studied HSF cell lines derived from three controls,
two patients with complex I (CI; homozygous variants:
NM_004551.3(NDUFS3):c.595C>T p.(Arg199Trp),
NM_002495.4(NDUFS4):c.462del p.(Lys154fs)), two
patients with complex V (CV; mitochondrially encoded
variants: NC_012920.1(MT-ATP6):m.9134A>G, hetero-
plasmic: 82%, NC_012920.1:(MT-ATP6/8):m.8528T>C,
homoplasmic) deficiency and one patient with malate
dehydrogenase deficiency (MDH2; compound heterozygous
missense variants: NM_005918.4(MDH2): c.[398C>T];
[445delinsACA], p.[(Pro133Leu)];[(Pro149Hisfs*22)].
This particular MDH2 deficient cell line was previously
published within the scope of a triheptanoin treatment,
but never with the methods published in this paper.14

Enzymatic activity assays, 82% heteroplasmy rate for
MT-ATP6, homoplasmy for MT-ATP6/8 and oximetric
analysis confirmed the genetic defects as pathological
(Table S1). The cell lines stem from skin biopsies that
were collected for diagnostic purposes. For each cell
line, at least three biological replicates were cultured for
both culture conditions. As previously described,9 cells
were cultured in minimal essential medium (MEM;
Gibco Carlsbad, CA) with the following additional sup-
plements: 25 mM glucose, 10% foetal calf serum (FCS),
2 mM L-glutamine, 1 mM sodium pyruvate, 200 μM
uridine, 1� non-essential amino acids (100 μM glycine,
L-alanine, L-asparagine, L-aspartic acid, L-glutamic
acid, L-proline, and L-serine), 100 U/mL penicillin,

Synopsis
The intracellular metabolome suggests CI and
CV changes and revealed clear MDH2 defect-spe-
cific changes in metabolites associated with the
TCA cycle, malate aspartate shuttle and the cho-
line metabolism.
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100 μg/mL streptomycin, and 10 μg/mL chlortetracy-
cline. FB were cultured at 37�C in a humidified 5% CO2

cell culture incubator and were passaged using 0.05%
trypsin–EDTA. Cell numbers were determined in a
Neubauer hemacytometer using trypan blue exclusion
method. For metabolic investigations, cells were washed
once with phosphate buffered saline (PBS, pH 7.4) and
cultivated for 18 h in Dulbecco's Modified Eagle Medium
(DMEM; Gibco, Carlsbad, CA) with the same additional
supplements as listed above for MEM but with 10% dialyzed
FCS (the same batch was used for all experiments) instead
of standard FCS and the addition of 5.5 mM glucose or
10 mM galactose for the standard culture condition and the
galactose-based stress medium, respectively.

2.2 | NMR spectroscopy

Sample preparation for 1H-HR-MAS NMR was performed
as described previously.15 Briefly, 2.2 � 106 cells were
seeded in 175 cm2 flasks in GLC- or GAL-based medium
and harvested after 18 h using trypsin–EDTA. Cells were
pelleted (300 g, 5 min) and washed 3� with 1 mL PBS
(pH 7.4). Cell pellets were resuspended in 35 μL D2O
based 50 mM PBS (pD 7.0) to yield approximately 50 μL
of total volume and subjected to three freeze–thaw cycles:
30 s in an ultrasonic bath at 50 Kc, 15 s in liquid N2. Cells
were shock frozen and stored at �140�C until measuring
day. The D2O based cell suspensions were heat inacti-
vated (70�C, 20 min)15 and transferred to a 4 mm stan-
dard zirconium rotor with a 50 μL insert. The rotor was
weighed and transferred to a HR-MAS dual inverse
1H/13C probe head in a 500 MHz Bruker Avance II spec-
trometer. Nominal temperature was 275 K, spinning
speed 5 kHz at the magic angle of 54.7�. For each sample
a PROJECTpr pulse sequence (1D 1H T2-filter with presa-
turation)16 was measured. Spectral width 5 kHz, 32k data
size, 3.28 s acquisition time, TE 120 ms, 4 � 256 tran-
sients. The 90� pulse duration and the frequency of the
water signal (O1) were determined for each sample. Spec-
tral processing included line-broadening (1.0 Hz), phasing
and baseline-correction. Samples were calibrated to the
downfield peak of the lactate doublet (1.324 ppm). Spectral
assignments were done using literature reference,17 our
own additional 2D correlation spectroscopy (1H1H-TOCSY)
measurements and comparison with reference spectral
databases (inhouse and the Human Metabolome Database,
HMDB [LIT]). Three hundred and thirty buckets between
0.87 and 9.32 ppm were manually selected in Topspin while
spectral regions without peaks and the water signal region
were excluded. Total intensity normalization was used to
account for differences in cell pellet volume while unit
variance scaling was used to weight resonances from

metabolites with different concentrations the same. Upon
spectral assignment of the individual metabolites, multiple
buckets belonging to the same metabolite were merged to
yield one value for each assigned metabolite. Principle
component analysis (PCA), orthogonal partial least
squares discriminant analysis (oPLS-DA), and individ-
ual metabolite analysis was performed with MatLab,
PLS_Toolbox (Eigenvector Research, Inc.) and Excel.
For the individual metabolite analysis cell lines and
replicates were merged into four groups: controls (10 Glc,
10 Gal), CI defects (9 Glc, 8 Gal), CV defects (6 Glc, 6 Gal),
MDH2 (4 Glc, 4 Gal), and subjected to a two-tailed t-test
(homoscedastic, significance level of p < 0.01) and a subse-
quent Benjamini and Hochberg post-test (false discovery
rate 0.25).

For determining the extracellular metabolome, a
450 μL aliquot of the spent cell culture media after 18 h
incubation was measured with a 5 mm ATM BBFO probe
upon the addition of 50 μL D2O based 50 mM PBS
(pD 7.0) yielding 500 μL of total volume per 5 mm NMR
tube. The same pulse sequence, parameters, and spectral
processing steps were used as for the cell lysate samples.
For every cell line at least three replicates were measured.

2.3 | Seahorse XFe96 metabolic flux
analysis

We investigated metabolic flux in unbuffered culture
medium using a Seahorse XFe96 cell analyzer. The oxy-
gen consumption rate (OCR), an assessment of aerobic
mitochondrial function, and extracellular acidification
rate (ECAR), a detection of extracellular acid production,
were measured simultaneously. Seven thousand cells/
well were seeded on XF96-well culture plates and were
left to adhere overnight (timepoint 0). Per cell line and
individual experiment and culture condition 22 cells
were seeded. The next morning (timepoint 1) the
cells were washed with PBS and incubated in GLC- or
GAL-based medium for 17 h. The cells were incubated
for an additional hour in unbuffered assay medium (DMEM,
5.5 mM glucose or 10 mM galactose, 2 mM L-glutamine,
1 mM sodium pyruvate, 100 U/mL penicillin, 100 μg/mL
streptomycin, pH 7.4) at 37�C in a non-humidified, CO2-free
incubator resulting in 18 h of total incubation time
(timepoint 2). In parallel to seeding the 96 well plates
per cell line and culture condition 210 000 cells/well
(same seeding density) were seeded on two different six
well plates. One plate was harvested after timepoint
1 and one plate after timepoint 2. Using a DC Protein
Assay by BioRad the proliferation rate was then calcu-
lated. After establishing OCR and ECAR in basal respi-
ration (i.e., the respiration prior to the addition of any
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modulators) a Seahorse XF Cell Mito Stress Test profile
was measured: ATP-linked respiration was determined
by calculating the OCR delta upon addition of 1 μM
oligomycin, a CV inhibitor. 2.5 μM carbonyl cyanide-p-
trifluoromethoxy-phenylhydrazone (FCCP), an uncoupler,
was used to achieve maximal respiration. Mitochondrial
oxygen consumption was then halted by adding 1 μM
rotenone and 0.5 μM antimycin A which inhibit CI and
CIII, respectively. Background corrected OCR and
ECAR data was normalized to cell number with the
CyQuant assay (Thermo Fisher Scientific, Carlsbad,
CA). The data was then normalized to the proliferation
rate from the protein concentration thus accounting for
cell growth and uneven plating during the experiment.
For the calculation of specific steady-states, OCR was
additionally corrected for non-mitochondrial oxygen
consumption. Maximal respiration is defined as OCR
under FCCP, while maximal acidification corresponds
to ECAR under oligomycin. The respiratory spare capac-
ity is calculated as the delta between maximum and
basal respiration. For bioenergetic profile under basal
respiration cell lines and replicates were merged into
four groups: controls (9 Glc, 9 Gal), CI defects (4 Glc,
4 Gal), CV defects (4 Glc, 4 Gal), MDH2 (3 Glc, 3 Gal).
The means of these individual experiments were sub-
jected to two-way ANOVA and a subsequent Bonferroni
post-test (Table S4, adjusted p-value < 0.05). For the
spare capacity the same statistical tests were applied but
the defect cell lines were analyzed individually while
the controls were merged (six groups, Table S5, adjusted
p-value < 0.05).When comparing the glucose spare
capacity of a cell line with its galactose spare capacity
two-way ANOVA was used (one group, Table S5, p-
value < 0.05).

3 | RESULTS

3.1 | Bioenergetic analysis

Incubation of all measured cell lines in galactose condition
led to an expected shift from glycolytic towards aerobic
metabolism (Figure 1). This was observed as a decrease in
extracellular acidification rate and an increase of oxygen
consumption rate.

In the glucose-based condition the mean basal respi-
ration of the control fibroblasts was significantly higher
(p < 0.05) than the mean respiration of CI, and CV
deficient cells but not significantly higher than the mean
respiration of MDH2 deficient cells (cf. Table S4 for
p-values). The respiratory spare capacity of either CI
defect under glucose condition was significantly lower
compared to controls (Figure 2, Table S5 for p-values).

Under glucose condition both complex I defects showed
the lowest spare capacity followed by both complex V
defects with MDH2 having the highest spare capacities of
the studied defects.

Under galactose, the differences in basal respira-
tion between controls and defects were not statistically
significant (Table S5). For all measured cell lines, the
spare capacity was close to zero for all cell lines mea-
sured under galactose indicating that the cells were
respiring maximally.

3.2 | Supernatant metabolomes

Chemometric analysis of NMR based cell supernatants
revealed a strong separation of controls from defects for
both PCA and oPLS-DA under glucose and galactose con-
dition, respectively, with no clear improvement for the
galactose condition (Figure S3). Separation of defects
from each other was not achieved. Under glucose condi-
tion defects showed higher concentrations of lactate, glu-
tamine, alanine and uracil and lower concentration of
several amino acids (phenylalanine, leucine, isoleucine,
and valine), creatine, and pyruvate when compared to
controls (Table S6). Under galactose condition most
metabolites showed a similar pattern, however, lactate
was no longer a strong driver for separating controls from
defects and had overall a lower concentration. Pyruvate
on the other hand, switched to being increased in defects
relative to controls.

FIGURE 1 Bioenergetic profiling at basal state after 18 h

incubation in glucose (Glc) and galactose (Gal) based condition.

Values represent the mean ± SEM (n = # of independent

experiments shown in brackets in the legend). The controls are the

average of three cell lines, CI and CV of two cell lines, respectively

while MDH2 is one cell line. Data points connected by arrows

highlight the shift of basal OCR and ECAR from glucose

towards galactose condition for each cell line used. Statistical

tests are in Table S4.
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3.3 | Cellular metabolomes

Forty and 38 metabolites were determined for the glucose
and galactose condition, respectively and used for chemo-
metric analyses (Figure S1). Unbiased PCA demonstrated
close clustering of replicates, especially in galactose con-
dition (Figure 3A,B). Main separation was obtained
between controls and MDH2 along PC1, while CI and CV
cluster in between, which was again more pronounced
in galactose. In galactose condition PC2 separated
mostly the different replicates, possibly indicating sec-
ondary variances within cell lines. Supervised oPLS-
DA was performed twice, first treating each cell line as
its own group (3 control, 2 CI, 2 CV, and 1 MDH2).
Similar to PCA, the first latent variable (LV) separates
the controls well from MDH2 with CI and CV defects
falling in between, especially for galactose condition
(Figure 3C,D). CI and CV were not separated. While
within groups no separation was obtained along LV1,
higher LVs separated again mostly the individual cell
lines, however, without demonstrating significant sep-
aration in permutation tests. To test the possibility to
merge the three control lines and separately the CI and
CV defects for the following comparison of individual
metabolites between groups, oPLS-DA was also per-
formed on the four merged groups, that is, controls, CI,
CV, and MDH2 (Figure 3E,F). While the separation
along LV1 remains, the intra-group separation is lost,
supporting the merge for the individual metabolite

analysis. However, it remains possible that also within
CI and CV defects metabolic differences exist, leading
to the separation in the PCA and the first oPLS-DA.
Permutation tests revealed significant separation of the
merged control group and MDH2 from all other groups in
both, glucose and galactose condition (Tables S2 and S3).
The permutation results indicate in addition a trend for
CV to be separated in galactose condition, only (Table S3).

In addition to the oPLS-DA analysis of the merged
groups, a two-tailed t-test (p value < 0.01) with Benja-
mini Hochberg post-test for all selected metabolites was
done between NDUFS3 versus NDUF4 and mtATP6 ver-
sus mtATP6/8 to check for intra-group variances. Malate
was one of very few significant metabolites being
increased in NDUFS3 (relative to NDUFS4) under galac-
tose but decreased under glucose (relative to NDUFS4). It
was, therefore, decided to merge the complex I and V cell
lines for the individual metabolite plots, which also
increased the statistical power (Figure 4).

Under glucose culture condition the branched chain
amino acids valine, isoleucine, and leucine were lower in
MDH2 compared to CI and CV (Figure 4A). Fumarate
was elevated in MDH2 compared to controls. Malate was
increased in controls compared to CI (Figure 4B). NAD+
and UMP were significantly decreased in all defects rela-
tive to controls (Figure 4C). Creatinine was elevated
in MDH2 but not in the OXPHOS defects (Figure 4E).
Conversely, MDH2 showed decreased phenylalanine,
tyrosine, and glutamate levels relative to other defects

FIGURE 2 Cell line specific spare

capacity after 18 h incubation in glucose

and galactose based condition. Values

represent the mean ± SEM (n = # of

independent experiments shown on x-

axis). The controls are the average of

three cell lines measured as triplicates.

Values are from at least two

independently measured biological

replicates with an average of 17 selected

wells per experiment (technical

replicates). Statistical significance versus

controls is shown as: *p < 0.05. Slightly

negative values depicted in this figure

are due to measuring inaccuracies of the

Seahorse analyzer (as maximal

respiration cannot be lower than the

basal respiration). Statistical tests are in

Table S5.
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and controls under glucose. Inositol and creatine were
strongly upregulated in all defects and in both conditions
(Figure 4D,E). Galactose-1-phosphate (Gal-1-P), a metab-
olite of the galactose catabolism, could only be detected
under galactose culture condition and was significantly
lower in MDH2 relative to controls. Under galactose cul-
ture condition alanine was decreased in MDH2 compared
to controls while valine and isoleucine were decreased in
both CV and MDH2 but not CI. Aspartate was elevated
in both OXPHOS defects but not in MDH2 (Figure 4A)
whereas glutamate was only decreased in MDH2. Acetate,
NAD+, UMP, glycerol-phosphocholine (GPC), and UDP-N-
acetyl-glucose all were found to be decreased in all defects
relative to controls (Figure 4A–E). Uracil showed a stark
increase in MDH2 relative to all other cell lines while CI
and CV were decreased relative to controls (Figure 4C).
Methylene groups of lipids, which make up the saturated
part of a fatty acids, were only increased inMDH2 while ter-
minal methyl groups of lipids were decreased in CI and
MDH2 relative to controls (Figure 4D). Although no individ-
ual metabolite was significantly different between CI and
CV after correcting for multiple comparisons, our data

indicated certain amino acids (valine, isoleucine, phenylala-
nine, and tyrosine), and malate as potential metabolites sep-
arating mitochondrial CV from CI defects primarily in
galactose condition (Figure S2). For differentiating MDH2
from the respiratory chain defects and controls inositol and
most amino acids proved significant.

4 | DISCUSSION

We studied the metabolic signatures of five HSF lines
with mitochondrial defects using NMR and metabolic
flux analysis. Our hypothesis that selective galactose
culture would cause defect specific adaptations of the
metabolome proved correct for MDH2 and to a lesser
extent for CI and CV. The extracellular metabolome
provided separation between defects and controls, whereas
the intracellular metabolome suggested CI and CV
changes and revealed clear MDH2 defect-specific changes
in metabolites associated with the TCA cycle, malate
aspartate shuttle and the choline metabolism, which were
more pronounced under galactose condition.

FIGURE 3 Chemometric analysis of intracellular metabolites in glucose versus galactose based condition. Unbiased PCA and

supervised oPLS-DA of glucose and galactose condition, respectively. Eight-group-plots treat every cell line individually, while four-group

plots merge the three controls, the two CI and the two CV cell lines. Mean center and unit variance scaling was used for all plots. Connected

dots show biological replicates of the same cell line. Controls , CI , CV , and MDH2 .
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4.1 | Bioenergetic analysis

In all measured cell lines, the galactose culture condition
led to bioenergetic switch from a glycolytic to oxidative
state (Figure 1) and resulted in a spare capacity close to
zero (Figure 2), indicating that all cells were respiring
maximally, and the deficient pathways were maximally
stressed. This led to an improved separation between
groups (Figure 3) as further discussed below in the
chemometric analysis.

When comparing the basal respiration of the different
defects MDH2 had a slightly higher oxygen consumption
rate than the OXPHOS defects for both glucose and
galactose condition. Since the MDH2 defect have an
intact OXPHOS its bioenergetic issues lie in the produc-
tion and transportation of reducing equivalents (NADH)
not in their oxidation via OXPHOS.

Although not statistically significant the spare capacity
for both CV defects under glucose were higher when com-
pared to either CI defect. The complex V defect mtATP6
has been previously described to have a low ability to use
its respiration generated proton gradient for ATP synthesis
which results in a high membrane potential.18 Once
uncoupled, during the mito stress test, the respiration is
no longer limited by the ATP synthase which in turn
might lead to an overestimation of the spare capacity as
these mitochondria do not have the ability to convert this
capacity into ATP production. High membrane potential
(hyperpolarization) is endemic in complex V defects and
results in a high production of ROS19,20 which plays a
major role in pathophysiological signal transduction affect-
ing many metabolic pathways.

4.2 | Chemometric analysis of NMR
based metabolomes

As described in Section 3 of the NMR based cell superna-
tant metabolomes lactate proved a strong driver for sepa-
rating the studied defects from controls. This is in good
agreement with the literature which reports that elevated
lactate levels in the plasma have been observed in the
defects studied within the scope of this paper.21–24 How-
ever, many mitochondrial disorders do not present with
elevated lactate or only during a metabolic crisis, thus
making lactate an unreliable marker for differential diag-
nosis.25 This underlines the usefulness of metabolomic
analysis of cell homogenates as the observed differences
from supernatants are not defect specific.

When analyzing the cellular metabolomes PCA and
oPLS-DA showed clear separation of controls, OXPHOS
defects and MDH2 along the principal axis (Figure 3).
The fact that MDH2 is not part of the oxidative chain

FIGURE 4 Quantitative analysis of intracellular metabolites using
1H HR-MAS NMR. Ctrl, CI, CV, and MDH2 deficient fibroblasts were

cultured in glucose or galactose based medium for 18 h. (A–E) In total,

24 of 40 assigned metabolites showed significant differences either

between controls, CI, and CV defective cell lines (*p < 0.01) or between

glucose and galactose condition within the cell line group (#p < 0.01).

The horizontal line shows which two groups are being compared. The

y-axis is normalized to the average intensity of the glucose cultured

control group. p values slightly greater than 0.01 are denoted as such.
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suggests itself as the reason for its clear separation
from CI and CV (Figure 3). While no single metabo-
lite was significantly different on its own when com-
paring CI and CV defects, Figure 3E shows clustering
of individual complex I (NDUFS3, NDUFS4) and com-
plex V (mtATP 6, mtATP 6/8) under galactose condi-
tion. Relative to complex I several amino acids (alanine,
valine, isoleucine, phenylalanine, and tyrosine) were lower
in complex V while malate, fumarate, and aspartate were
found to be increased when used in an oPLS-DA analysis
of complex I and V (Figure S2) as can also be derived from
Figure 4. It has been shown that complex I inhibition in
the presence of succinate drives complex II respiration.26

This could explain the decreased malate, fumarate, and
aspartate (via oxaloacetate by MDH2 and GOT2) levels in
complex I relative to complex V. This demonstrates the
usefulness of multivariate analysis and selective culture
condition for detecting differences among closely related
defects.

Figure 4D shows that inositol was strikingly increased
in all studied defects regardless of the culture condition.
Inositol is a ubiquitous metabolite which is involved in
many signaling pathways linked to apoptosis, cell growth,
and many more.27 Hsu et al.28 studied inositol monopho-
sphatase deficient cells and were able to show that inositol
restricts AMPK activation and mitochondrial fission. They
suggest, that since inositol competes with AMP for AMPK
the AMP/inositol ratio is key for determining AMPK activ-
ity and thus AMPK-dependent mitochondrial fission. Our
data shows significantly increased inositol for all defects
compared to controls while AMP was generally decreased
relative to controls. Since reduced mitochondrial fission is
linked to impaired energy metabolism29 it is possible that
the measured inositol and AMP levels in defects are reflec-
tive of the reduced OXPHOS activity observed in all defects
(cf. OCR levels in Figure 1).

NAD+ was significantly decreased in MDH2 versus con-
trols (cf. Figure 4C). As MDH2 defects are hindered in their
ability to oxidize malate to oxaloacetate in their mitochon-
dria this leads to an interruption of the TCA cycle and the
malate aspartate shuttle (MAS). A deficient MAS affects the
cytosolic NAD+/NADH redox balance as the indirect trans-
port of NADH across the mitochondrial membrane via
malate no longer works.30 It is therefore possible that the
exceptionally low NAD+ measured in MDH2 defective cells
results from an inability to indirectly transport NADH at
the usual rate into the mitochondria where NAD+ could
be regenerated via complex I. So far, we were unable to
measure NADH as its concentration, depending on the
cellular compartment, is between 10 times and several
100 times lower than NAD+.31 Therefore, comparisons of
NAD+/NADH ratios between cell lines are difficult unless
a constant NAD+/NADH pool is assumed.

Fumarate was significantly increased for MDH2 under
glucose (Figure 4B). There are reports in literature of sub-
jects with at least one allele exhibiting the same c.398C>T
mutation showing increased fumarate in fibroblasts.32

Elevated fumarate, measured in MDH2 KO cells33 and
reported in urinary organic acid analysis, is also one of the
non-specific biomarkers mentioned by Broeks et al.30 in
their comprehensive review on inborn errors of the malate
aspartate shuttle. However, malate was not found to be
increased significantly under either culture condition
which hints at a more complex cause than fumarate just
being upstream of MDH2 in the TCA cycle.

When comparing lipid levels (cf. Figure 4D) under
galactose culture condition MDH2 defects showed
increased concentrations (p = 0.016) of methylene groups,
( CH2 )n, and significantly decreased concentrations
of terminal methyl groups, ω-CH3, relative to controls.
Assuming a similar pool of total lipids this indicates that
on average the measured MDH2 deficient cells had more
of longer fatty acid chains than controls in their lipids.
Glycerophosphocholine (GPC) was found to be decreased
in all defects under galactose condition. Interestingly, the
same was observed in our previous study when character-
izing a pyruvate dehydrogenase defect.9 GPCs may be
indicative of a secondary disturbance of the Kennedy path-
way. The Kennedy pathway (CDP-choline pathway) is
meant to be the predominant mechanism for phosphati-
dylcholine synthesis34 and is known to play a role in
choline-related-inherited metabolic diseases.35 Albeit not
statistically significant, both choline and phosphocholine
(PC) were elevated in all defects when compared to con-
trols under galactose condition but not under glucose con-
dition (data not shown). In our previous study we
observed significantly increased levels of choline, and PC
in CI defects (ND6 and NDUFAF236) in both culture con-
ditions while GPC was not significantly changed relative
to controls. Our NDUFS3 and NDUFS436 defects pertain to
the iron–sulfur proteins which shuttle electrons while
ND6 encodes a protein pumping subunit and NDUFAF2
encodes an assembly factor. These specific CI defects could
potentially affect the choline pathways differently, but the,
partially significant, increase in choline and PC in all CI
defects is noteworthy.

5 | CONCLUSION

This preliminary metabolomics HR-MAS NMR study
indicates the benefit of using galactose versus standard
culture conditions providing better separation and
insights into disturbed oxidative metabolism by respira-
tory chain disorders. Results suggest CI and CV defect
specific metabolic adaptations in human fibroblasts.

8 MEYER ET AL.
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