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Lehmann R. Linking bioenergetic function of mitochondria to tissue-
specific molecular fingerprints. Am J Physiol Endocrinol Metab 317:
E374–E387, 2019. First published June 18, 2019; doi:10.1152/
ajpendo.00088.2019.—Mitochondria are dynamic organelles with di-
verse functions in tissues such as liver and skeletal muscle. To unravel
the mitochondrial contribution to tissue-specific physiology, we per-
formed a systematic comparison of the mitochondrial proteome and
lipidome of mice and assessed the consequences hereof for respira-
tion. Liver and skeletal muscle mitochondrial protein composition was
studied by data-independent ultra-high-performance (UHP)LC-MS/
MS-proteomics, and lipid profiles were compared by UHPLC-MS/MS
lipidomics. Mitochondrial function was investigated by high-resolu-
tion respirometry in samples from mice and humans. Enzymes of
pyruvate oxidation as well as several subunits of complex I, III, and
ATP synthase were more abundant in muscle mitochondria. Muscle
mitochondria were enriched in cardiolipins associated with higher
oxidative phosphorylation capacity and flexibility, in particular
CL(18:2)4 and 22:6-containing cardiolipins. In contrast, protein
equipment of liver mitochondria indicated a shuttling of complex I
substrates toward gluconeogenesis and ketogenesis and a higher
preference for electron transfer via the flavoprotein quinone oxi-
doreductase pathway. Concordantly, muscle and liver mitochondria
showed distinct respiratory substrate preferences. Muscle respired
significantly more on the complex I substrates pyruvate and gluta-
mate, whereas in liver maximal respiration was supported by complex
II substrate succinate. This was a consistent finding in mouse liver and

skeletal muscle mitochondria and human samples. Muscle mitochon-
dria are tailored to produce ATP with a high capacity for complex
I-linked substrates. Liver mitochondria are more connected to biosyn-
thetic pathways, preferring fatty acids and succinate for oxidation.
The physiologic diversity of mitochondria may help to understand
tissue-specific disease pathologies and to develop therapies targeting
mitochondrial function.
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INTRODUCTION

Mitochondria are in the focus of basic and translational
research because of their central metabolic function and their
involvement in the pathophysiology of human diseases such as
neurodegenerative disorders, cancer, and diabetes (56). Even
though it is evident that mitochondria must be well adapted for
the different functions of organs in metabolism, only few
studies report tissue-specific characteristics, and most of these
studies just focus on one aspect such as mitochondrial mor-
phology, protein abundance, or oxidative capacity (3, 20, 25,
35). Mitochondria and their function are often rather general-
ized among tissues, and mitochondrial (dys)function is exam-
ined in disease pathologies without paying attention to proba-
ble tissue specificities. We believe that the investigation of the
specific mitochondrial characteristics in disease-related tissues
might lead to more specific and thus effective understanding
and forward-thinking treatments of mitochondria-related dis-
eases.

Two types of molecules are the central executors and regu-
lators of mitochondrial function: proteins and lipids. Since
proteins perform almost all relevant metabolic conversions in
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mitochondria, determination of protein abundances in different
tissues is the first step to understanding the molecular deter-
minants of the divergent metabolic activities adapted specifi-
cally to diverse cellular and tissue requirements. Lipids on the
other hand, in addition to being a membrane constituent and
energy source, are involved in physiological processes such as
mitochondrial fusion and fission, fine tune membrane structure
and fluidity, and participate in electron transport chain assem-
blage, protein biogenesis, apoptosis, and many other processes
(6, 17, 36). Taken together, lipids regulate mitochondrial func-
tion on many levels, and changes in lipid homeostasis and
membrane composition are very likely to regulate both mito-
chondrial structure and function (14, 17). We started our
tissue-specific investigation of mitochondria with skeletal mus-
cle and liver, two insulin target tissues playing a central role in
the origin and progression of diabetes. A (dys)function of
mitochondria in these tissues is often discussed as central to
diabetes development (23, 24, 34, 42).

Skeletal muscle and liver mitochondria have quite distinctly
different physiological tasks. Mitochondria in skeletal muscle
face large variances in ATP demands upon physical activity,
requiring greater variations in the rate of metabolism than any
other tissue. Skeletal muscle is responsible for over 80% of
postprandial glucose disposal (7) and is furthermore considered
to be the major organ for fatty acid disposal because of its
relative size in men and most animals (11). Liver on the other
hand balances supply and blood concentration of glucose by
the release of glucose from glycogenolysis and gluconeogen-
esis. Liver contributes to a major extent to total glucose
production (45), and it is the major site of fatty acid production
in humans (39). Intrahepatic fatty acids are used for oxidation,
storage, or for packaging them into lipoproteins for export and
storage or use in other tissues (43). In states of prolonged
exercise or fasting, hepatic mitochondrial ketogenesis provides
acetoacetate and 3-hydroxybutyrate as substrates not only for
peripheral tissues like the skeletal muscle but also brain and
heart (30).

We hypothesize that these major differences in metabolic
pathways are reflected by differences in both mitochondrial
protein equipment and lipid composition of liver and skeletal
muscle with consequences on respiratory function. Therefore,
we applied a systemic approach combining proteomics and
lipidomics analyses with high-resolution respirometry to un-
derstand tissue-specific mitochondrial function and organiza-
tion. Tissue-specific physiological diversity was revealed in
hepatic and skeletal muscle mitochondria from mice and val-
idated in human samples.

MATERIALS AND METHODS

Chemicals

Bradford Reagent was from Carl Roth (Karlsruhe, Germany).
Infrared fluorescent dye secondary antibodies (anti-mouse/-rabbit/-
guinea pig) were purchased from LI-COR (Lincoln, NE). Anti-
medium-chain acyl-CoA dehydrogenase (cat. no. sc-365448) and
anti-pyruvate dehydrogenase (cat. no. sc377092) were from Santa
Cruz Biotechnology (Dallas, TX). Anti-pyruvate carboxylase (cat. no.
SAB2500845) was purchased from Sigma-Aldrich (Munich, Ger-
many). Anti-OXPHOS-Cocktail (cat. no. ab110413), anti-citrate syn-
thase (cat. no. ab96600), and anti-ECHA (cat. no. ab54477) antibodies
were purchased from Abcam (Cambridge, UK). The anti-COX4
antibody (cat. no. 4844S) was purchased from Cell Signaling Tech-

nology (Danvers, MA). MS or LC grade solvents acetonitrile (ACN),
methanol, and isopropanol were purchased from Merck (Darmstadt,
Germany). Ammonium acetate was purchased from Sigma-Aldrich.
Ultrapure water was prepared by a Milli-Q system (Millipore). The
synthetic lipid standards d4-palmitic acid, CER(d18:1/17:0), LPC(19:
0), PC(19:0)2, PE(15:0)2, SM(d18:1/12:0), TG(15:0)3, CL(14:0)4,
CL(14:1)(24:1)3, CL(14:1)3(15:1), CL(15:0)3(16:1), and CL(14:
1)(22:1)3 were purchased from Avanti Polar Lipids (Alabaster, AL) or
Sigma-Aldrich. High-resolution respirometry substrates and inhibitors
antimycin A, carbonylcyanide p-trifluoromethoxyphenylhydrazone
(FCCP), cytochrome c, malate, pyruvate, rotenone, and succinate
were purchased from Sigma-Aldrich. Adenosine diphosphate was
purchased from Calbiochem, Merck, and octanoylcarnitine from Toc-
ris Bioscience (Bristol, UK).

Methods

Animal care. The animal experiment was performed in accordance
with the Directive 2010/63/EU of the European Union and the
German Animal Welfare Act and approved by the local authorities
(Regierungspraesidium Tuebingen). Investigations were performed in
tissues of 18-wk-old male C57Bl/6N mice. Mice were purchased from
Charles River (Sulzfeld, Germany) at an age of 9 wk and fed a purified
standard diet (E157453–04, Ssniff, Soest, Germany) ad libitum. For
organ harvesting, mice were analgosedated with an intraperitoneal
injection of ketamine and xylazine (150 and 10 mg/kg body wt,
respectively) and exsanguinated by decapitation.

Human samples. Skeletal muscle biopsies were obtained by per-
cutaneous needle biopsies performed on the vastus lateralis of the
quadriceps femoris after local anesthesia (2% Scandicaine; Aspen
Pharma GmbH, Munich, Germany) from untrained participants (6
females, 2 males) before an exercise training intervention study.
Informed written consent was given by all individuals; the study
protocol was approved by the ethics committee of the University of
Tuebingen (446/2016BO2) and was in accordance with the Declara-
tion of Helsinki. The fresh human liver tissue was collected during
hepatic surgery that was performed for different reasons, e.g., hepatic
hemangioma, curative resection of hepatic metastases of colorectal
malignancies, or hepatocellular carcinoma, at the Department of
General, Visceral, and Transplant Surgery at the University Hospital
of Tuebingen. Only samples from normal, nondiseased tissue judged
by an experienced pathologist were used. Patients fasted overnight
before collection of liver samples (2 females, 1 male). Exclusion
criteria were viral hepatitis infection and liver cirrhosis. Informed,
written consent was obtained from all participants, and the ethics
committee of the University of Tuebingen approved the protocol
(239/2013BO1) that was in accordance with the Declaration of Hel-
sinki.

Mitochondria isolation. Mitochondria isolation was performed as
previously described (22) with some modifications. A scheme of the
experimental workflow is given in Supplemental Fig. SA1 (Supple-
mental Material A is available at https://doi.org/10.6084/m9.figshare.
7993946.v1). All isolation steps were performed at 4°C or on ice. The
homogenization procedure was different for each tissue: 150 mg liver
were directly placed into ice-cold sucrose-Tris-EGTA (STE) buffer
(250 mM sucrose, 5 mM Tris, 2 mM EGTA, 0.5% BSA, pH 7.4
at 4°C). Tissue was cut into small pieces, homogenized using a
loosely fitted 2-mL glass-glass Dounce (Sartorius, Goettingen, Ger-
many) by applying 6 strokes, transferred to a 50-mL tube, and filled
up with STE � 0.5% BSA. For the homogenization of muscle, 550
mg pooled upper hind limb skeletal muscle tissue (mostly type 2
fibers) was directly transferred into ice-cold PBS (Sigma-Aldrich).
Tissue was cut into small pieces, transferred to a 50-mL tube, and
digested for 3 min at 4°C with type VIII protease from Bacillus
licheniformis (Sigma-Aldrich). One milliliter of enzyme solution [6
mg protease (10 U/mg)/mL STE] was added to 100 mg tissue. After
3 min, 10 mL STE � 0.1% BSA was added, and the sample was
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centrifuged for 30 s at 900 g at 4°C. Supernatant was removed, the
tube filled up with STE � 0.1% BSA, and centrifuged again. This
washing step was repeated three times in total. The muscle suspension
was then homogenized using a 15-mL Teflon-glass Dounce (Sartorius,
Goettingen, Germany). After the tissue-specific homogenization pro-
cedure, all following centrifugation steps and procedures were similar
for both homogenates. The homogenates were centrifuged at 900 g for
10 min. The supernatant was transferred into a new centrifuge tube
and centrifugation was repeated. The supernatant was then centrifuged
at 9,000 g for 10 min to pellet the crude mitochondrial fraction. The
pellet was resuspended in STE � 0.1% BSA and centrifuged again at
9,000 g for 10 min. The crude mitochondrial pellet was carefully
resuspended in 200 �L STE. An aliquot was used to determine the
total protein concentration using Bradford reagent. One hundred
micrograms of this mitochondrial suspension was used for respiration
analyses as described below. The remaining mitochondrial suspension
was layered on 5-mL Percoll gradient (25%) and centrifuged for 20
min at 80,000 g. The lower of the 2 appearing layers was collected
with a Pasteur pipette and transferred to a new centrifuge tube, filled
up with STE without BSA, and centrifuged 10 min at 9,000 g. The
pellet was resuspended in a small volume of STE buffer without BSA.
After centrifugation at 16,000 g for 2 min, the supernatant was
removed, the pellet was resuspended in PBS, and protein concentra-
tion was determined using bicinchoninic acid assay (Pierce BCA
Protein Assay Kit, Rockford, IL). Aliquots with specific protein
amounts for lipidomics, Western blotting, and proteomics were frozen
at �80°C.

Tissue lysis, electrophoresis, and Western blot analysis. For whole
tissue Western blot analysis, mouse liver and skeletal muscle tissue
were homogenized in cold 1 mL radioimmunoprecipitation assay lysis
buffer (25 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% NaDOC, 1%
Triton-X-100; pH 7.6) using a TissueLyser (Qiagen, Hilden, Ger-
many). The settings were 2 min at 20 Hz for liver and 4 min at 20 Hz
for muscle tissue. The lysate was centrifuged for 10 min at 13,000 g
at 4°C. Supernatant was transferred to a new cup, and centrifugation
was repeated. The supernatant from the second centrifugation was
aliquoted and stored at �80°C. Immunoblots from 30 �g protein from
tissue lysate or isolated mitochondrial fraction were performed as
described (22) using IRDye secondary antibodies (LI-COR Biosci-
ences GmbH, Bad Homburg, Germany).

Proteomic sample preparation. Ten micrograms of sample was
subjected to tryptic digest using a modified filter-aided sample prep-
aration protocol (13, 57) with the following changes: a buffer was
added to each sample containing urea and SDS in a final concentration
of 4 M and 2%, respectively. Samples were reduced at room temper-
ature. Peptides were stored at �80°C until MS measurement.

Ultra-high-performance LC-MS/MS-proteomics. Label-free LC-
MS/MS-based proteomics measurements were performed using data-
independent acquisition (DIA), which allows for the identification of
a broad range of proteins along with a reproducible relative quantifi-
cation (18, 47). MS data were acquired on a Q Exactive high-field
mass spectrometer (Thermo Fisher Scientific, Rockford, IL). Approx-
imately 0.5 �g per sample spiked with 1 injection unit of the hyper
reaction monitoring (HRM) Calibration Kit (Biognosys, Schlieren,
Switzerland, cat. no. Ki-3003) for retention time indexing were auto-
matically loaded to the online coupled ultra-high-performance liquid
chromatography (UHPLC) system (Ultimate 3000, Thermo Fisher
Scientific). A nano trap column was used (300-�m inner diameter � 5
mm, packed with Acclaim PepMap100 C18, 5 �m, 100 Å; LC
Packings, Sunnyvale, CA) before separation by reversed phase chro-
matography (Acquity UHPLC M-Class HSS T3 Column 75 �m ID �
250 mm, 1.8 �m; Waters, Eschborn, Germany) at 40°C. Peptides were
eluted from the column at 250 nL/min using increasing ACN concen-
tration (in 0.1% formic acid) from 3% to 41% over a 105-min
gradient. The DIA method consisted of a survey scan from 300 to
1,650 mass-to-charge ratio at 120,000 resolution and an automatic
gain control (AGC) target of 3e6 or 120 ms maximum injection time.

Fragmentation was performed via higher energy collisional dissocia-
tion with a target value of 3e6 ions determined with predictive AGC.
Precursor peptides were isolated with 37 variable windows spanning
from 300 to 1,650 mass-to-charge ratio at 30,000 resolution with an
AGC target of 3e6 and automatic injection time. The normalized
collision energy was 28, and the spectra were recorded in profile
mode.

For label-free quantification of DIA data, the DIA LC-MS/MS data
set was analyzed by comparing the MS2 fragment spectra from the
recorded windows (see above) against a spectral library collected
from data-dependent acquisition data (164 raw files) from the same
instruments. These data-dependent acquisition raw files were analyzed
by using Proteome Discoverer (version 2.1, Thermo Fisher Scientific)
and applying a Byonic (version 2.0, Proteinmetrics, San Carlos, CA)
search engine node maintaining 1% peptide and protein false discov-
ery rate (FDR) threshold. Results were merged into a spectral library
using Spectronaut (Version 10, Biognosys, Schlieren, Switzerland)
with default settings using the Proteome Discoverer result file. Spec-
tronaut was equipped with the Swissprot mouse database (release
2017.02, 16,869 sequences, https://www.uniprot.org/) with a few
spiked proteins (e.g., Biognosys HRM peptide sequences). The final
spectral library generated in Spectronaut contained 10,525 protein
groups and 322,041 peptide precursors.

Quantification was based on cumulative MS2 area levels. Briefly, a
Spectronaut HTRMS converter was used to convert the raw files with
the data, and XIC extraction settings were set to dynamic with a
correction factor of one. Automatic calibration mode was chosen with
nonlinear retention time recalibration based on the spiked HRM
peptides enabled. Interference correction on MS1 and MS2 level was
enabled. Peptide identification was filtered to satisfy an FDR of 1% by
the mProphet approach (44). Only proteotypic peptides were consid-
ered for protein quantification applying summed precursor quantities
based on MS2 area quantity. A match between runs was enabled with
the q-value percentile mode 0.25 threshold. This setting filters for
proteins that fulfill the 1% FDR threshold in at least 25% of all
samples.

Abundances of individual proteins were expressed as percentages
of total protein abundance in a given sample to compensate for overall
differences in protein abundance between samples. To estimate the
purity of the mitochondrial fractions, proteomics data were queried
against the Mitominer database [Mitominer 4.0 (51)]; the query was
performed based on gene symbols.

Sample preparation for lipidomics. Lipids were extracted with
methyl tert-butyl ether as described previously (5). Briefly, water was
added to 50 �g (by protein) of mitochondrial suspension to reach a
total volume of 100 �L. Next, 350 �L of ice-cold methanol including
internal standards was added. Samples were briefly vortexed, 1 mL of
methyl tert-butyl ether was added, and the samples were shaken for 30
min at room temperature. After adding 250 �L of water and incubat-
ing the sample at room temperature for 10 min, samples were
centrifuged for 20 min at 1,000 g and 4°C to induce phase separation.

UHPLC-MS/MS-lipidomics. Lipidomics profiling was performed
in a Waters UHPLC system (Milford, MA) coupled with a Q Exactive
high-field mass spectrometer (Thermo Fisher Scientific). Separation
of lipid metabolites was achieved in a Waters UHPLC C8 ACQUITY
column (100 mm � 2.1 mm � 1.7 �m). The elution solvents
consisted of A (ACN:H2O � 60:40, vol/vol) and B (isopropanol:
ACN � 90:10, vol/vol), both containing 10 mM ammonium acetate.
The elution gradient started at 32% B for the initial 1.5 min, followed
by a linear increase to 85% B during the next 14 min. Within the
subsequent 0.1 min, solvent B was rapidly increased to 97% and then
maintained for 2.4 min for column flush. Subsequently, the elution
solvent was returned to 32% B within 0.1 min and kept for 1.9 min for
column equilibration. The column temperature was set to 55°C, and
the flow rate was 0.26 mL/min. Lipidomics data were acquired in both
electrospray ionization-positive and -negative modes at scan ranges of
400–1,300 Da and 200–1,800 Da, respectively. The spray voltage
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was 3.5 kV for positive mode and �3.0 kV for negative mode. The
capillary temperature was maintained at 300°C. The auxiliary gas
heater temperature was set to 350°C. The flow rate of sheath gas and
auxiliary gas was 45 arbitrary units and 10 arbitrary units, respec-
tively. The S-lens RF level was 50. The AGC target was set to be
3 � 106 ion capacity, and maximum IT was 200 ms. Mass resolution
was 120,000 and 30,000 for full scan MS and data-dependent MS/MS.
Lipid identities were assigned based on accurate mass measurement,
MS/MS fragmentation, and LC elution behavior. Ninety-five percent
of all detected lipids showed a relative standard deviation below
twenty percent throughout nine injections of a pooled sample during
the whole UHPLC-MS run. All detected lipids were quantified by
normalization to the corresponding internal standard.

Functional assay. Mitochondrial function was investigated by res-
piration measurements in an Oxygraph-2k (Oroboros Instruments,
Innsbruck, Austria). Crude mitochondrial suspension (100 �g) was
placed in Mir05 buffer [0.5 mM EGTA, 3 mM MgCl2(H2O)6, 60 mM
K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110
mM sucrose, 1 g/L BSA, pH � 7.1 at 30°C] in the Oxygraph-2k
chambers. Malate (1.28 mM), 0.5 mM octanoylcarnitine (fatty acid
oxidation), 2.5 mM ADP (phosphorylating condition), 5 mM pyruvate
or 10 mM glutamate (complex I respiration), 2.5 mM succinate
(complex II respiration), 10 �M cytochrome c (integrity control),
FCCP in 0.5 �M steps (uncoupled state), 1.25 �M rotenone (complex
I inhibitor), and 5 �M antimycin A (complex III inhibitor) were added
to evaluate electron transport chain capacity and nonmitochondrial
oxygen consumption. Cytochrome c effect as control for integrity was
18.1 � 3.6% for liver mitochondria and 4.8 � 2.3% for muscle mi-
tochondria. Liver and muscle mitochondria were isolated from tissues
of the same animal. Further experiments were 1.28 mM malate, 5 mM
pyruvate or 10 mM glutamate, 2.5 mM ADP, 0.5 mM octanoylcar-
nitine, 10 �M cytochrome c (integrity control), FCCP in 0.5 �M steps
(uncoupled state), 1.25 �M rotenone (complex I inhibitor), and 5 �M
antimycin A (complex III inhibitor). Data were corrected for nonmi-
tochondrial background by subtraction of antimycin A oxygen con-
sumption.

Respiratory measurements of human samples. Muscle fibers were
skinned as previously published by Pesta and Gnaiger (40) with
modifications. Muscle biopsies were directly placed in the Mir05
buffer. During skinning of the fibers in a 6-well plate, the dissected
fibers were placed in a 70-�m cell strainer (BD Falcon, Franklin
Lakes, NJ). After skinning, the fibers were washed three times instead
of only once, and the measurement in the Oxygraph-2k was performed
under normal air oxygen pressure without the usage of catalase and
H2O2. Two milligrams of muscle fibers was used for respiratory
analysis. Two milligrams of liver was weighed and cut into small
pieces before being placed in the Oxygraph-2k, and digitonin was
added to permeabilise the tissue. Measurements were performed as
described above for mouse mitochondria. Cytochrome c effect was
4.4 � 1.9% for liver and 5.9 � 5.1% for muscle fibers.

Statistical analysis. Proteomics, lipidomics, and high-resolution
respirometry were performed with isolated mitochondria from 8 mice
(n � 8; because of logistical reasons respirometry was only measured
with n � 5 for isolated liver mitochondria). Follow-up respirometry
for further characterization of the substrate preference was performed
with another set of 5 mice (n � 5 for liver and muscle mitochondria).
For functional and Western blot analyses, statistical significance was
evaluated by a Student’s t-test using GraphPad Prism (GraphPad
Software, La Jolla, CA). P � 0.05 was considered significant. The
open-source MultiExperiment Viewer software (46) was employed
for heatmap generation using mean-centered data prescaled to unit
variance. Multivariate principal component analysis was performed
on the lipid concentrations per microgram mitochondrial protein with
SIMCA-P 11.5 (Umetrics, Umeå, Sweden). Data were unit variance
scaled and log transformed using the auto transformation option. The
content of individual phosphatidylglycerols (PGs) and lipid cardioli-
pins (CLs) was divided by the sum of all PGs and CLs, respectively,

to calculate the percental contribution of individual species. The sum
of acyl chains within CLs was obtained by multiplying the content of
individual CLs with the number of acyl chains within this CL [e.g.,
1 � (18:1) and 3 � (18:2) for CL(18:1)(18:2)3] and also expressed as
percentage. For the statistical analysis of lipidomics and proteomics
data, JMP 13.0 (SAS, Cary, NC) was used, considering an FDR P
value � 0.05 as significant.

RESULTS

Mitochondria show tissue-specific protein compositions. First,
we analyzed liver and skeletal muscle mitochondrial protein
composition by data-independent proteomics to elucidate the
molecular basis for tissue-specific differences. Mitochondria
were isolated from mouse liver and upper hind limb muscles
consisting mainly of type 2 fibers. Proteins with known mito-
chondrial localization according to the Mitominer 4.0 database
(51) accounted for 89% and 86% of total detected protein
abundance in liver and muscle mitochondria, respectively. The
analysis revealed a quite distinct tissue-specific mitochondrial
protein pattern (Fig. 1). In accordance with organ function,
muscle mitochondria contained a higher percentage of proteins
related to oxidative phosphorylation, ATP synthesis, and py-
ruvate decarboxylation (Fig. 1, A and B). Two ATP synthase
subunits (ATPA, ATPB) and ADP/ATP translocase 1 ac-
counted for 17% of total protein intensity in muscle mitochon-
dria (Fig. 1D). Enzymes of the citric acid cycle were also more
abundant in muscle mitochondria. The percentage of proteins
related to 	-oxidation, in contrast, was higher in liver than in
muscle (Fig. 1, A and B). Mitochondrial 3-ketoacyl-CoA thio-
lase, which catalyzes the last step of 	-oxidation, was the
second most abundant protein in liver mitochondria (Fig. 1C).
Proteins involved in ketogenesis, gluconeogenesis, and amino
acid metabolism were also higher in liver mitochondria (Fig. 1,
A and B).

The mitochondrial abundance of several subunits of the
respiratory chain was different between the tissues (Fig. 2).
Almost all subunits of complex I and several of III and V, but
also some subunits of complex IV, were more abundant in
skeletal muscle than in liver mitochondria (Fig. 2). For com-
plex II, succinate dehydrogenase (SDH) B and SDHC (C560)
were higher in muscle mitochondria, whereas SDHA was
higher in liver. The electron transfer flavoproteins ETFA,
ETFB, and ETFD, which mediate the reduction of ubiquinone
by FADH2 derived from 	-oxidation and amino acid degrada-
tion, were also more abundant in liver than in muscle mito-
chondria.

We also had a closer look on the abundance of mitochondrial
proteins determining the route of pyruvate or acetyl-CoA
toward mitochondrial oxidation or biosynthetic pathways (Fig.
3). Proteomics analyses revealed higher abundance of the
proteins of the pyruvate dehydrogenase complex in muscle.
Citrate synthase was also higher in muscle than in liver
mitochondria. In contrast, pyruvate carboxylase was highly
abundant in liver mitochondria, which links pyruvate to glu-
coneogenesis. Mitochondrial tricarboxylate transport protein,
which exports citrate for cytosolic acetyl-CoA production, was
highly abundant in liver mitochondria. This is well in line with
the high rate of fatty acid synthesis and ketogenesis in the liver.
As shown in Fig. 1, most enzymes of the tricarboxylic acid
(TCA) cycle were more abundant in muscle mitochondria,
whereas several enzymes involved in 	-oxidation were more
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abundant in liver mitochondria. Of note, in addition to SDHA,
succinate-CoA ligase showed higher abundance in liver mito-
chondria (Fig. 3).

Comparison of the results obtained by proteomics with
Western blot analysis revealed a reasonable overlap indicating
a good suitability of the widely used antibodies to capture
differences in mitochondrial protein abundance. The data
showed higher abundance of citrate synthase and of four out of
five electron transport chain complexes in isolated muscle
compared with liver mitochondria (Fig. 4). The difference in
complex III did not reach statistical significance (Fig. 4E). We
also investigated the abundance of some of these proteins in
total tissue lysates by Western blot analyses (Fig. 5A). Similar
to isolated mitochondria, citrate synthase and pyruvate dehy-
drogenase were higher in skeletal muscle, whereas pyruvate
carboxylase was pronouncedly higher in the liver (Fig. 5,
B–D). Western blot analysis of medium-chain acyl-CoA dehy-
drogenase and ECHA confirmed the higher abundance of
enzymes of 	-oxidation in liver tissue compared with skeletal
muscle tissue (Fig. 5, E and F).

Mitochondria from skeletal muscle show higher phospho-
lipid levels than from liver. Next, the lipid profile of the
isolated mouse liver and skeletal muscle mitochondria was
investigated by UHPLC-MS/MS analyses. The tissue origin
had no major effect on the total number of detected lipid
species (Supplemental Fig. SA1), but tissue differences in the
lipid profiles were obvious, as shown by multivariate principal
component analysis (Supplemental Fig. SA2). In the direction
of the first principal component, a pronounced separation of the
clustered hepatic and skeletal muscle-derived mitochondrial
samples could be seen. Muscle mitochondria had a higher total
lipid content than liver mitochondria (316 � 49 pmol lipids/�g
total mitochondrial protein vs. 221 � 39 pmol/�g). Accord-
ingly, most lipid classes were more abundant in muscle mito-
chondria (Table 1).

To assess differences in membrane lipid composition of
liver and muscle mitochondria, data were normalized to
total phospho- and sphingolipid content, which was 262 �
41 pmol/�g mitochondrial protein in muscle mitochondria
and 173 � 35 pmol/�g mitochondrial protein in liver mito-
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Fig. 1. Composition of mitochondrial proteome from mouse liver and skeletal muscle investigated by LC-MS/MS. Relative contribution of different
mitochondrial processes to the total protein intensity in isolated liver (A) and skeletal muscle mitochondria (B). Contribution of the five most abundant proteins
to the total detected protein intensity in isolated liver (C) and skeletal muscle (D) mitochondria (n � 8). Colors in C and D correspond to A and B.
ACON, aconitate hydratase; ADT1, ADP/ATP translocase 1; ALDH2, aldehyde dehydrogenase; ATPA, ATP synthase subunit alpha; ATPB, ATP synthase
subunit beta; DHE3, glutamate dehydrogenase 1; MDHM, mitochondrial malate dehydrogenase; THIM, mitochondrial 3-ketoacyl-CoA thiolase. For details of
the proteomics data, see Supplemental Material B (available online at https://doi.org/10.6084/m9.figshare.7993766.v1).
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chondria (Table 1). In skeletal muscle, the relative amounts
of the mitochondria signature CL and of the CL precursor
PG were significantly higher than in liver, as were (lyso)
phosphatidylethanolamines (PEs), lysophosphatidylcholines, and

phosphatidylserines (Table 2). Relative amounts of ceramides,
(lyso)phosphatidylinositols, and phosphatidylcholines were
significantly higher in liver than in muscle mitochondria (Table
2). The contribution of sphingomyelin to membrane lipid
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content of mitochondria derived from liver or muscle was
equal (Table 2).

Cardiolipins have a different acyl chain composition in mouse
muscle and liver mitochondria. CLs are the only mitochondria-
specific lipids. To compare the patterns of CLs and of their
precursor lipids PGs, levels of individual species were normal-
ized to the sum of CL (Fig. 6). The most abundant CL species
in muscle contained four 18:2 acyl chains (25.5 � 4.3% in
muscle vs. 13.6 � 3.2% in liver mitochondria). In both tissues,
18:2 was the most abundant acyl chain present in CL (55.2% of
all acyl chains in muscle vs. 47.3% in liver mitochondria,
Table 3). A striking finding was the higher amount of 22:6 acyl
chains in CLs of skeletal muscle mitochondria compared with
liver; 22:6 was found in 4 of the 24 CL species and accounted
for 4.6% of all CL acyl chains in muscle and 1.7% in liver
(Table 3). Interestingly, PGs containing 22:6 acyl chains were

significantly lower or below the detection limit in muscle,
possibly indicating a preferential channeling of these acyl
chains into CLs (Fig. 6). CLs containing 20:4 acyl chains were
more abundant in liver compared with muscle mitochondria.

Differences in protein composition between liver and skel-
etal muscle are linked to tissue specificity of mitochondrial
function and respiratory substrate preferences. To elucidate
the impact of these differing protein and lipid fingerprints on
respiration, we analyzed mouse liver and skeletal muscle
mitochondria by high-resolution respirometry. Distinct differ-
ences were observed analyzing the complex I- and complex
II-linked substrates pyruvate and succinate (Fig. 7, A and B).
Muscle mitochondria respired significantly more after the ad-
dition of pyruvate, whereas no increase in respiration of liver
mitochondria was detectable. This is consistent with the higher
abundance of the proteins of the pyruvate dehydrogenase
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COX4 (Complex IV)

QCR2 (Complex III)

SDHB (Complex II)

NDUB8 (Complex I)

CISY
L M

Liver Muscle

MitochondriaTissue
lysates

A

B                                             C                                              D

E                                             F                                              G

Fig. 4. Analysis of electron transport chain complexes in purified mitochondria of mouse liver and skeletal muscle. Representative Western blot (A) of 4
mitochondria isolations per tissue and densitometric quantification. Equal protein amounts (30 �g) of total cell lysates and mitochondria were loaded on the same
blot to determine the protein levels before mitochondrial enrichment. Mitochondrial citrate synthase (CISY) was assessed as common mitochondrial marker
protein (B). For the detection of the electron transport chain complexes (C–G), an antibody cocktail was used against NDUB8 (complex I), succinate
dehydrogenase (SDH)B (complex II), QCR2 (complex III), and ATP synthase subunit alpha (ATPA) (complex V). A separate antibody was used for complex
IV (COX4; F). Signals were normalized to total protein abundance determined via stain-free 2,2,2-trichloroethanol. Histograms (B–G) show the densitometric
quantifications of Western blots (n � 8, mean of “muscle” set to 1). Data are presented as means � SD. Statistical significance was evaluated by Student’s t-test.
NDUB8, NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8; QCR2, cytochrome b-c1 complex subunit 2; rel, relative; tmP, total mitochondrial
protein.
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complex in muscle revealed by proteomic analyses, which
links the glycolytic pathway to the TCA cycle and by that
provides NADH for complex I. In contrast, liver mitochondria
respired significantly more after adding the complex II-associ-
ated substrate succinate. Accordingly, the contribution of com-
plex II-associated substrate oxidation to maximal respiration
on complex I and II substrates was higher in liver as evident
after the addition of the complex I inhibitor rotenone. Using
glutamate as a complex I-linked substrate instead of pyruvate
revealed the same differences between liver and muscle mito-
chondria (Fig. 7, C–E). To avoid any effects of the combina-
tion with the 	-oxidation substrate octanoylcarnitine, pyruvate-
driven respiration was also studied before adding octanoylcar-
nitine (Fig. 7, F and G). Again, muscle mitochondria proved to
be more prone to the provided complex I-linked substrate
pyruvate than liver, and comparable results were obtained
with glutamate (Fig. 7H). The subsequent addition of oc-
tanoylcarnitine led only in liver mitochondria to a further
increase in respiration, independent of the complex I sub-
strate used (Fig. 7I).

It must be taken into account that the mouse skeletal muscle
mitochondria were isolated from the upper hind limbs, repre-

senting mostly fast type 2 fibers (4). However, the observed
differences in complex I- and II-linked substrate respiration
were confirmed in human skeletal muscle fibers isolated from
vastus lateralis muscle, which represent a mix of slow type 1
and fast type 2 fibers (Fig. 7, J–L; Supplemental Fig. SA3)
(49). Human muscle fibers showed higher respiration on com-
plex I substrate pyruvate, whereas human liver homogenate
showed higher respiration on complex II substrate succinate.
These data underline that the different contribution of complex
I and II to maximal respiration in liver and muscle mitochon-
dria is of relevance in mice and humans and not restricted to
fast muscle fibers.

DISCUSSION

Here we report a multi-omics approach to provide an overall
mitochondrial molecular fingerprint on the levels of lipids and
proteins for mouse muscle and liver tissue and additionally link
it to respiratory function. Our work indicates a tissue-specific
mitochondrial respiratory profile with distinctly different respi-
ratory complex I and II substrate preferences of mitochondria
from liver compared with skeletal muscle. Muscle mitochon-
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Liver Muscle
Tissue lysatesA

B                                       C                                        D

E                                       F

Fig. 5. Quantity of individual proteins related to energy metabolism in tissue lysates of mouse liver and skeletal muscle analyzed by Western blot (A) and
densitometric quantification (B–F). A representative Western blot with 4 out of 8 tissue lysates is shown. Mitochondrial citrate synthase (CISY) was used as a
mitochondrial marker (B). ODP (C) and PYC (D) were assessed to investigate pyruvate metabolism. ACADM and ECHA were used to assess 	-oxidation (E
and F). Histograms (B–F) show the sums of the densitometric quantifications of Western blots (mean of “muscle” was set to 1, n � 8). Signals are normalized
to total protein abundance. Data are presented as means � SD. Statistical significance was evaluated by a Student’s t-test. ACADM, medium-chain acyl-CoA
dehydrogenase; ECHA, hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein) alpha subunit; ODP, pyruvate
dehydrogenase; PYC, pyruvate carboxylase; rel, relative; tP, total protein.
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dria showed high respiration on complex I-linked substrates
pyruvate and glutamate, whereas liver mitochondria respired
less on these substrates but showed high respiration on com-
plex II-linked substrate succinate. Our detailed investigation of
the tissue-specific respiration on the substrates pyruvate, glu-
tamate, succinate, and octanoylcarnitine extend previous re-
ports obtained with isolated mitochondria of a type 2 diabetes
rat model (Goto-Kakizaki rats) and whole muscle and liver
tissue from mice (16, 21). Moreover, the integration of pro-
teomics and lipidomics analyses underlines these divergent
metabolic activities of muscle and liver mitochondria and
highlights the molecular determinants.

The enzymes responsible for the different metabolic routes
of pyruvate in mitochondria showed a tissue-specific distribu-
tion. Complex I-linked substrate pyruvate can be shuttled into
different metabolic routes in mitochondria. After conversion to
acetyl-CoA by pyruvate dehydrogenase complex, it is further
oxidized in the TCA cycle, thereby feeding electrons into the
respiratory chain. Acetyl-CoA is also shuttled into anabolic
pathways (e.g., ketogenesis, fatty acid synthesis). Pyruvate can
also be metabolized to oxaloacetate by pyruvate carboxylase,
which is then used for gluconeogenesis. Proteins of the pyru-
vate dehydrogenase complex were found to be higher in
muscle lysates and muscle mitochondria. Citrate synthase,
which catalyzes the entry of acetyl-CoA into the TCA cycle by
condensating it with oxaloacetate to citrate, was highly abun-
dant in muscle tissue and mitochondria compared with liver. In
contrast, we detected almost no pyruvate carboxylase in mus-
cle tissue and mitochondria, whereas it was prominently de-
tected in liver, the main site for gluconeogenesis. Additionally,
ketogenic enzymes were highly abundant in liver mitochondria

but not in muscle. These results clearly indicate that in muscle,
pyruvate is mainly used for complex I-dependent ATP produc-
tion, whereas in liver mitochondria it serves as substrate for
gluconeogenesis and ketogenesis. The other used complex
I-linked substrate glutamate enters the TCA cycle as 
-keto-
glutarate, a step catalyzed by glutamate dehydrogenase,
thereby producing NADH. Notably, even though glutamate
dehydrogenase was the fifth most abundant protein in liver
mitochondria, only a low increase in O2 flux after glutamate
addition was detected in liver mitochondria. This indicates that
feeding electrons via complex I into the electron transport
chain has a low capacity in liver mitochondria, whereas in
skeletal muscle it is the preferred entry. In contrast, electrons
delivered via complex II from oxidation of succinate or via
electron transfer flavoproteins from 	-oxidation to ubiquinone
strongly activate respiration of liver mitochondria.

The tissue specificity of the mitochondrial respiratory com-
plexes detected in our study and in part described in previous
reports (10, 38) further substantiated the differences in respi-
ration. Muscle mitochondria are characterized by a higher
contribution of almost all subunits of complex I to the total
proteome compared with liver and a higher contribution of
most subunits of complex III, IV, and ATP synthase. The
higher phosphorylating respiration in liver mitochondria after
the addition of the complex II-linked substrate succinate is
apparently not based on differences in the abundance of com-
plex II subunits, since only SDHA showed higher abundance in
liver mitochondria, whereas SDHB and SDHC were higher in
muscle. However, the two most abundant SDH assembly
factors SDHF 1 and 2 were higher in liver mitochondria
(Supplemental Material B is available at https://doi.org/
10.6084/m9.figshare.7993766.v1). These are necessary for
maturation and maintaining SDH activity (55). SDH activity is
also necessary to shuttle the amino acids valine, isoleucine,
methionine, and threonine toward gluconeogenesis. They are

Table 2. Membrane lipid class levels in isolated
mitochondria from mouse liver and skeletal muscle as
percentage of the total amount of the major membrane lipids
(phospho- and sphingolipids)

Lipid Class
Mean Liver/

ML, % SD Liver
Mean Muscle/

ML, % SD Muscle
FDR P
Value

CER 0.48 0.14 0.33 0.06 0.022
CL 6.90 0.74 11.86 0.96 �0.001
LPC 0.56 0.09 1.19 0.20 �0.001
LPE 0.39 0.05 1.80 0.38 �0.001
LPI 0.05 0.01 0.03 0.01 0.022
PC (incl. PC-P) 57.43 1.63 48.48 0.78 �0.001
PE (incl. PE-P) 25.70 1.09 27.80 0.67 0.001
PG 0.61 0.08 1.86 0.18 �0.001
PI 5.94 0.76 4.24 0.28 �0.001
PS (incl. PS-P) 1.59 0.21 2.00 0.11 0.001
SM 0.36 0.07 0.41 0.17 0.492

Data are presented as means � SD; n � 7 for liver, and n � 8 for muscle
mitochondria. Statistical analysis was performed by JMP 13.0 (SAS, Cary,
NC), considering a false discovery rate (FDR) P value � 0.05 as signifi-
cant. CER, ceramides; CL, cardiolipins; LPC, lysophosphatidylcholines;
LPE, lysophosphatidylethanolamines; LPI, lysophosphatidylinositols; ML,
membrane lipid; PC, phosphatidylcholines; PC�P, phosphatidylcholine plas-
malogens; PE, phosphatidylethanolamines; PE�P, phosphatidylethanolamine
plasmalogens; PG, phosphatidylglycerols; PI, phosphatidylinositols; PL, total
phospholipids; PS, phosphatidylserines; PS-P, phosphatidylserine plasmalo-
gens; SM, sphingomyelins.

Table 1. Absolute lipid class levels in isolated mitochondria
per �g mitochondrial protein from mouse liver and skeletal
muscle

Lipid Class
Mean Liver,

pmol/�g SD Liver
Mean Muscle,

pmol/�g SD Muscle

FDR P Value
Muscle vs.

Liver

CER 0.79 0.05 0.85 0.07 0.090
CL 12.03 3.07 31.21 6.32 �0.001
FFA 35.09 14.89 42.93 9.53 0.274
LPC 0.95 0.17 3.11 0.67 �0.001
LPE 0.66 0.13 4.67 0.91 �0.001
LPI 0.08 0.03 0.08 0.03 0.631
PC 98.77 18.06 125.51 18.44 0.025
PC-P 0.01 0.01 1.28 0.30 �0.001
PE 44.47 10.33 66.49 10.50 0.003
PE-P 0.12 0.04 6.39 1.44 �0.001
PG 1.07 0.34 4.92 1.25 �0.001
PI 10.43 3.12 11.11 1.95 0.631
PS 2.55 0.33 4.97 0.44 �0.001
PS-P 0.16 0.08 0.22 0.10 0.191
SM 0.63 0.22 1.07 0.50 0.076
TG 13.83 3.56 11.28 1.33 0.109

Data are presented as means � SD; n � 7 for liver and n � 8 for muscle
mitochondria. The Response Screening platform in JMP 13.0 (SAS, Cary,
NC) was used, considering a false discovery rate (FDR) P value � 0.05 as
significant. CER, ceramides; CL, cardiolipins; FFA, free fatty acid; LPC,
lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; LPI, lyso-
phosphatidylinositols; PC, phosphatidylcholines; PC�P, phosphatidylcholine
plasmalogens; PE, phosphatidylethanolamines; PE�P, phosphatidylethano-
lamine plasmalogens; PG, phosphatidylglycerols; PI, phosphatidylinositols;
PL, total phospholipids; PS, phosphatidylserines; PS-P, phosphatidylserine
plasmalogens; SM, sphingomyelins; TG, triacylglycerols.
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degraded to propionyl-CoA, which is converted to succinyl-
CoA. The enzyme responsible for this last step, methymalonyl-
CoA mutase, was seven times more abundant in liver than in
muscle mitochondria (Supplemental Material B). The pro-
teome data also underline the preference of the liver to use fatty
acids and branched-chain amino acids as substrates for oxida-
tion and feeding electrons via FADH2 into the electron trans-
port chain. This includes the higher abundance of enzymes
involved in 	-oxidation and branched-chain amino acid oxida-
tion and the higher abundance of electron transfer flavoproteins
ETFA, ETFB, and ETFD. Together, our data demonstrate the
dominant function of muscle mitochondria to generate ATP,
which is particularly needed during physical activity because
of the high ATP consumption of the contracting muscle.
Muscle tissue has not only a higher density of mitochondria (3)
but also the muscle mitochondria are tailored to achieve a high
capacity of oxidative phosphorylation. The preferred usage of
complex I-linked substrates is of advantage as a more efficient
way of electron transfer for ATP production, since all three
proton-pumping complexes are involved. The high capacity of
liver mitochondria for oxidation of succinate mirrors that SDH
is not only required for feeding electrons into the electron
transport chain but also to maintain gluconeogenesis.

Our data on mitochondrial phospholipid content and com-
position underline the tissue-specific different functions of
muscle and liver mitochondria. We found that levels of the
mitochondrial signature lipid CL, as well as its precursor PG,
were significantly higher in mouse skeletal muscle. CLs are
mainly located in the inner membrane of mitochondria (17),
facilitating tight membrane folding and cristae formation (3,
41). CLs directly interact with respiratory chain complexes

(27, 58) and the ATP synthase (1), thereby regulating ATP
production. Genetic disorders with impact on CL metabo-
lism result in depleted CL levels and mitochondrial dysfunc-
tion such as Barth’s syndrome and underscore the essential
role of CL (31). Furthermore, CL is a critical component for
stabilizing respiratory supercomplexes from complexes I,
III, and IV, which in turn are thought to increase the

Table 3. Acyl chain composition of cardiolipins from
mitochondria derived from mouse liver and muscle

FA Liver, % SD Liver Muscle, % SD Muscle FDR P Value

12:0 3.88 0.89 2.76 0.59 0.011
15:0 3.88 0.89 2.76 0.59 0.011
16:0 1.09 0.07 0.61 0.14 0.003
16:1 8.15 0.69 6.68 0.81 0.010
18:0 5.24 1.01 4.95 0.67 0.643
18:1 10.73 0.57 8.19 0.57 0.003
18:2 47.27 4.65 55.24 4.23 0.011
20:0 0.04 0.03 1.69 0.22 0.003
20:1 0.54 0.13 0.46 0.15 0.227
20:2 0.57 0.13 0.17 0.05 0.003
20:3 2.87 0.31 1.91 0.14 0.003
20:4 5.45 1.05 1.25 0.15 0.003
20:5 4.62 0.42 4.47 0.12 0.209
21:0 0.18 0.11 0.19 0.02 0.515
22:1 1.09 0.26 0.92 0.30 0.227
22:2 2.48 0.50 1.25 0.22 0.003
22:5 0.04 0.03 1.69 0.22 0.003
22:6 1.74 0.47 4.64 0.69 0.003
23:2 0.12 0.04 0.18 0.04 0.015

Data are presented as means � SD. Statistical analysis was performed by
JMP 13.0 (SAS, Cary, NC), considering a false discovery rate (FDR) P
value � 0.05 as significant. FA, fatty acyl chain.
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efficiency of electron transfer (26, 36). Thus, the higher
content of CL found in muscle mitochondria is probably
responsible for the higher density of cristae described for
muscle mitochondria (3) and the higher capacity for super-

complex assembly including complex I (48, 58), both of
which support ATP generation. Notably, exercise training
has been shown to increase muscle CL content and super-
complex formation (12, 32), underlining the importance of
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CL for the high-oxidative phosphorylation capacity of the
muscle.

CLs are glycerol-bridged, dimeric phospholipids substituted
with four fatty acyl side chains, which opens up a huge number
of possible molecular lipid species that have just started to be
unraveled (29). The underlying process of CL remodeling is of
extraordinary selectivity, exemplified by the detected differ-
ences in CL species in muscle and liver. Although 18:2 is the
dominating acyl chain in both tissues, the relative amount of
(18:2)4-CL is higher in muscle than in liver mitochondria, and
this CL species has been associated with higher activity of
respiratory complexes supporting our hypothesis of muscle
mitochondria being more specified for oxidative phosphoryla-
tion than liver (9, 52). Lipidomics analysis of the specific CL
side chain composition is the prerequisite for a better under-
standing of these molecular patterns and their possible impact
on tissue-specific mitochondrial function, for example, the
observed substrate preference of muscle and liver mitochon-
dria. In skeletal muscle mitochondria, the second most abun-
dant polyunsaturated fatty acid in CL was 22:6. CL containing
22:6 acyl chains might be essential to provide the high-
oxidative phosphorylation flexibility in muscle mitochondria.
This hypothesis is supported by an improved ADP sensitivity
found in human skeletal muscle mitochondria with an in-
creased 22:6 acyl chain content after dietary supplementation
(15). Exercise training was also shown to increase 22:6 acyl
chains in muscle phospholipids in mice and in humans (2, 50).
In mouse heart, even more than 50% of all CL species con-
tained 22:6 acyl chains (33). PE levels were also significantly
higher in muscle than in liver mitochondria. This lipid class
might also play a role in mitochondrial function, since a
depletion of mitochondrial PE in cells led to defective electron
transport chain complexes and a decreased respiratory capacity
(54). Even though far from being completely understood, the
tissue-specific lipid and acyl chain content of liver and muscle
mitochondrial lipids presumably supports the adaptation to the
different metabolic tasks of both tissues. The reported lipid
patterns could be attributed very well to already published
findings about lipids and their impact on mitochondrial func-
tion, but direct causalities for, e.g., specific CL species, can
only be proven by using knockout models.

Our comparison of liver and muscle mitochondria is mainly
based on using a mixture of upper hind limb muscles from
mice. These muscles mainly represent fast type 2 fibers,
whereas slow type 1 fibers are rare in mice and restricted to a
few muscles such as the soleus (49). Thus, we cannot exclude
that comparing liver mitochondria with slow muscle fiber-
derived mitochondria would lead to different results. However,

we confirmed our results on substrate preference and different
contribution of complex I and II to maximal respiration in liver
tissue homogenates and muscle fibers from humans. Human
vastus lateralis muscle contains both slow and fast fibers with
similar distribution, and using this mixed fiber type led to
similar results. This indicates that the tissue-specific differ-
ences in mitochondrial respiration are also present when com-
paring liver and mixed muscle fibers. Moreover, the tissue-
specific differences were found not only in isolated mitochon-
dria but also when the cellular localization and organization of
mitochondria is preserved. Whereas the mice in our study were
highly comparable because they had the same sex (male) and
age, no sign of illness, and were housed under the same
conditions and fed a standardized diet ad libitum, a limitation
of the human liver and muscle samples was that they were not
derived from the same individual and the donors differ in sex,
eating condition, and health status. However, the organ-spe-
cific differences in complex I- and II-driven respiration are
almost identical to data from mice and appear to be indepen-
dent from sex, fasting, or health status. Together, our data
suggest that these results are of relevance for human mitochon-
dria from muscle and liver tissue. As a next step, it would be
of great interest to compare subsarcolemmal and intermyofi-
brillar mitochondria of skeletal muscle using this comprehen-
sive investigation of proteomics, lipidomics, and respiration
data.

The tissue-specific differences in mitochondrial equipment
and function could play a role in disease pathologies and form
an essential basis for specified drug targeting. Metformin is one
of the most common therapeutics for treating type 2 diabetes.
A still widely proposed action of metformin is the inhibition of
complex I in liver mitochondria, however, at millimolar con-
centrations (8, 37). Considering our findings that complex
I-linked respiration in liver is of minor relevance, an inhibition
thereof as explanation for the efficacy of metformin seems
unlikely. Notably, very recent research highlighted alternative
mechanisms of the action of metformin on hepatic gluconeo-
genesis as inhibition of glycerol-3-phosphate dehydrogenase
(28) and inhibition of fructose-1,6-bisphosphatase (19). The
attempts to identify the target of metformin illustrate how an
advanced knowledge about mitochondria and their distinct
tissue specificities can support drug development.

Following this line, liver and skeletal muscle mitochondria
appear to have different capacities to compensate for the
metabolic disturbances in obesity and diabetes. In skeletal
muscle, some evidence points to a decreased mitochondrial
function in diabetes (23, 34, 42). This is in contrast to an
increased mitochondrial function in liver of patients who are

Fig. 7. Respiratory analyses of isolated mouse liver and skeletal muscle mitochondria (A–I) and human liver tissue homogenate and skeletal muscle fibers (J–L)
on an Oxygraph-2k. Respiration of mouse liver and skeletal muscle mitochondria (A–E) with consecutive addition of malate (M), octanoylcarnitine (Oct), ADP
(D), pyruvate (P), or glutamate (G) and succinate (S). Titration protocol, exemplarily shown for measurements with P (A and B). Increase of phosphorylating
respiration with P or G (complex I substrates) (C). Increase of phosphorylating respiration with succinate (complex II substrate) (D). Ratio of maximal uncoupled
complex II respiration to total maximal uncoupled respiration with complex I and II substrates; n � 5 for liver mitochondria and n � 8 for muscle mitochondria
isolated from 8 mice (E). Respiration of mouse liver and skeletal muscle mitochondria with consecutive addition of M, P or G, D, and Oct as substrates (F–I).
Titration protocol, exemplarily shown for P (F and G). Increase of respiration after ADP injection (H). Increase of phosphorylating respiration with Oct, n �
5 for liver and muscle mitochondria isolated from 5 mice not identical with A–E (I); Titration protocol performed as shown in A and B with human liver tissue
homogenate (3 donors) and skeletal muscle fibers (8 donors) (J–L); Increase of phosphorylating respiration with P (J). Increase of phosphorylating respiration
with S (K). Ratio of maximal uncoupled complex II respiration to total maximal uncoupled respiration with complex I and II substrates (L). Data are presented
as means � SD. Statistical significance was evaluated by Student’s t-test. Rot, rotenone (complex I inhibitor); U, uncoupled respiration using the protonophore
carbonylcyanide p-trifluoromethoxyphenylhydrazone.
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insulin resistant, have diabetes, or have nonalcoholic fatty liver
disease (24, 53). Future research will show whether some of
the observed tissue-specific differences play a role in this
different adaptation of muscle and liver mitochondria to insulin
resistance and diabetes.

In conclusion, we present a comprehensive investigation of
isolated mitochondria from mouse skeletal muscle and liver
covering not only molecular but also functional analyses to
obtain tissue-specific protein and lipid profiles and the conse-
quences for respiration. In muscle mitochondria, we found a
high contribution of respiratory complex I, III, IV, and ATP
synthase subunits to the mitochondrial proteome and a high
content of CL, in particular of (18:2)4-CL and 22:6 containing
CL, in accordance with the high specialization of these mito-
chondria to rapidly and drastically increase the rate of ATP
production whenever necessary. On the other hand, liver mi-
tochondria are adapted to generate metabolites for biosynthetic
pathways of gluconeogenesis and ketogenesis while relying on
fatty acids and amino acids for oxidative phosphorylation. The
results can build the base for a deeper understanding of
mitochondrial function and dysfunction in states of health or
disease by providing a global coverage of mitochondria. The
investigation of tissue specificities of mitochondria might also
help to interpret the often controversial findings in mitochon-
drial research. Thus, our data show how mitochondria are
specialized in a tissue-specific fashion to ensure efficient uti-
lization of available substrates.
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57. Wiśniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample
preparation method for proteome analysis. Nat Methods 6: 359–362, 2009.
doi:10.1038/nmeth.1322.

58. Zhang M, Mileykovskaya E, Dowhan W. Gluing the respiratory chain
together. Cardiolipin is required for supercomplex formation in the inner
mitochondrial membrane. J Biol Chem 277: 43553–43556, 2002. doi:10.
1074/jbc.C200551200.

E387PHYSIOLOGICAL DIVERSITY OF MITOCHONDRIA

AJP-Endocrinol Metab • doi:10.1152/ajpendo.00088.2019 • www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Helmholtz Zentrum Muenchen (146.107.008.161) on May 4, 2021.

https://doi.org/10.1152/ajpendo.00103.2012
https://doi.org/10.1152/ajpendo.00103.2012
https://doi.org/10.1038/srep21107
https://doi.org/10.1038/srep21107
https://doi.org/10.2337/diabetes.51.10.2944
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1111/j.1748-1716.2010.02124.x
https://doi.org/10.1126/science.1230381
https://doi.org/10.1073/pnas.1503833112
https://doi.org/10.1073/pnas.1503833112
https://doi.org/10.1038/nature13270
https://doi.org/10.1016/j.bbalip.2016.08.001
https://doi.org/10.1016/j.bbalip.2016.08.001
https://doi.org/10.1146/annurev.bi.49.070180.002143
https://doi.org/10.1016/j.jmb.2006.06.057
https://doi.org/10.1093/gerona/glw328
https://doi.org/10.1194/jlr.D002857
https://doi.org/10.2337/db06-0981
https://doi.org/10.1016/S0092-8674%2803%2900926-7
https://doi.org/10.1083/jcb.201006159
https://doi.org/10.1083/jcb.201006159
https://doi.org/10.1042/bj3480607
https://doi.org/10.1016/j.cell.2008.06.016
https://doi.org/10.1079/PNS19830031
https://doi.org/10.1007/978-1-61779-382-0_3
https://doi.org/10.1007/978-1-61779-382-0_3
https://doi.org/10.1016/j.bpj.2015.03.026
https://doi.org/10.1016/j.bpj.2015.03.026
https://doi.org/10.2337/db08-0391
https://doi.org/10.1016/S1262-3636%2807%2970133-7
https://doi.org/10.1016/S1262-3636%2807%2970133-7
https://doi.org/10.1038/nmeth.1584
https://doi.org/10.1126/science.1948033
https://doi.org/10.2144/03342mt01
https://doi.org/10.1002/prca.201400117
https://doi.org/10.1002/prca.201400117
https://doi.org/10.1093/emboj/19.8.1777
https://doi.org/10.1093/emboj/19.8.1777
https://doi.org/10.1111/j.1748-1716.2010.02130.x
https://doi.org/10.1194/jlr.M060533
https://doi.org/10.1093/nar/gkv1001
https://doi.org/10.1074/jbc.M117.812834
https://doi.org/10.1038/oby.2008.419
https://doi.org/10.1038/oby.2008.419
https://doi.org/10.1074/jbc.M112.434183
https://doi.org/10.3109/10409238.2014.990556
https://doi.org/10.1101/sqb.2011.76.010462
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1074/jbc.C200551200
https://doi.org/10.1074/jbc.C200551200

