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  The mitochondrial FA  � -oxidation (FAO) pathway is a 
major contributor to cellular energy production and ho-
meostasis, particularly once glycogen stores are depleted 
owing to fasting ( 1 ). Substantial amounts of energy are 
provided by FAO for heart, skeletal muscle, and liver func-
tion. In monogenetic defi ciencies of FAO or the carnitine 
shuttle system, accumulation of acyl-CoA intermediates 
and depletion of energy and free carnitine occur, specifi -
cally at times of increased energy demands, including fe-
ver and impaired food supply ( 2 ). Altered FA catabolism is 
considered key in the development of obesity-induced in-
sulin resistance, because cellular overload with long-chain 
FAs is thought to exert a disastrous effect on mitochon-
drial function ( 3, 4 ). Cytoprotective mechanisms against 
FA lipotoxicity include channelling of FAs into triglycer-
ide pools and enhancement of FA degradation via mito-
chondrial  � -oxidation ( 4 ). 

 Thus, quantitative analysis of FAO has become in-
creasingly important in assessing lipid-induced metabolic 
impairment and evaluating potential pharmacologic strat-
egies designed to improve  � -oxidation fl ux ( 4 ). The most 
commonly applied method to assess functional FAO in 
cellular models has been the analysis of total FAO fl ux fol-
lowing incubation of intact cells with  14 C- or  3 H-labeled 
FAs and detection of  14 CO 2  or  3 H 2 O release ( 5–8 ). Analy-
ses of specifi c FAO steps and disturbances within were sub-
sequently developed following incubation of radiolabeled, 
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 Preparation of FA substrate solution and 
incubation media 

 FA stock solution was prepared in chloroform. In this work, 
palmitic acid was used as FA substrate. For each experiment, 
palmitic acid stock solution (20 mM, 100 µl) was transferred into 
a glass tube followed by evaporation to dryness under a stream of 
nitrogen. FA substrate solution was produced by adding assay 
buffer ( 17 ) containing 110 mM KCl, 1 mM EGTA, 10 mM HEPES 
buffer, 5 mM MgCl 2 , 10 mM K 3 PO 4  (pH 7.2) and FA-free BSA in 
a molar ratio of 5:1 of the dried FA bound to BSA (200 µM FA, 
BSA 0.04 mM). The FA substrate was then incubated at 37°C in a 
water bath for 30 min and subsequently subjected to sonifi cation 
three times for 10 s (amplitude 10%). 

 Additionally, the FA substrate solution was supplemented with 
appropriate cofactors such as 1 mM ADP, 5 mM ATP, 0.1 mM 
CoA, 0.2 mg/ml cytochrome C, and 0.4 mM  L -carnitine (fi nal 
concentrations), considering potential losses through membrane 
permeabilization. Except as otherwise indicated, fi nal concentra-
tions of the FA and the FA-free BSA in the supplemented FA 
substrate solution (“FA incubation medium”) were 100 µM and 
0.04 mM, respectively. The control incubation medium was assay 
buffer containing all cofactors including 0.4 mM  L -carnitine and 
0.04 mM FA-free BSA. 

 Digitonin purifi cation procedure and preparation of 
permeabilization buffer 

 Commercially available digitonin (Sigma-Aldrich; 50–80% pu-
rity grade) was dissolved in 100% ethanol at 75°C followed by 
precipitation on ice for 20 min and subsequent separation by 
centrifugation (10 min, 2,000  g , 4°C) ( 18 ). This procedure was 
repeated twice, and the resulting digitonin pellets from each pu-
rifi cation cycle were collected. Additionally, supernatants from 
each cycle were combined and heated to 75°C followed by pre-
cipitation and subsequent centrifugation. Purifi ed digitonin was 
then vacuum dried (ILMVAC Speed-Vac; Ilmvac GmbH, Ilme-
nau, Germany) and redissolved in 100% DMSO at 50 mg/ml. For 
cell permeabilization, digitonin stock solution was added to the 
assay buffer in a fi nal concentration of 20 µg/ml (0.04% DMSO), 
defi ned as a result of digitonin titration experiments (0, 10, 20, 
50, 100, and 200 µg/ml purifi ed digitonin at 10 5  cells per well of 
a 12-well plate, corresponding to 10 5  cells/3.8 cm 2 ). 

 Incubation conditions 
 After reaching 90% confl uency, primary human fi broblasts 

were washed twice with 5 ml PBS and harvested following trypsini-
zation. The cell pellet of one T75 fl ask was resuspended in 13 ml 
DMEM supplemented with 10% FBS and 2 mM stable glutamine. 
Following gentle mixing of the cell suspension, 1 ml of cells was 
seeded immediately into each well of a 12-well culture plate (ap-
proximately 10 5  cells/well, corresponding to an average protein 
concentration of approximately 50 µg protein/well). The plate 
was briefl y mixed for equal distribution of the cells within 
the wells, and cells were incubated at 37°C in humidifi ed 5% 
CO 2 /95% air. Twenty-four hours later, at 85% to 90% confl u-
ency, the cells were washed once with 0.5 ml PBS and incubated 
with 0.3 ml permeabilization buffer at 37°C for 5 min. Following 
permeabilization, cells were incubated with 0.3 ml FA incubation 
medium at 37°C for 2 h. 

 MS/MS sample preparation 
 Following incubation, both incubation medium and cell lysate 

were combined and subjected to the extraction of acylcarnitines. 
The incubation medium (260 µl) was transferred into a 10 ml poly-
propylene tube. Cells were precipitated in 1.7 ml acetonitrile-meth-
anol (4:1, v/v) per well, and the cell lysate was then transferred 

stable-isotope-labeled, or unlabeled precursors. [U- 14 C]
hexadecanoate was used to measure acylcarnitine and 
acyl-CoA intermediates by radio-HPLC in mitochondrial 
preparations ( 9 ) and permeabilized human fi broblasts 
or peripheral blood cells ( 10, 11 ). The development of 
MS/MS technology allowed the sensitive and specifi c 
quantitative profi ling of accumulating acylcarnitines fol-
lowing 72 or 96 h incubation of intact cells with stable iso-
topes or unlabeled substrates ( 12–16 ). A faster approach 
of MS/MS-based acylcarnitine profi ling was reported, 
applying incubation with stable isotopically labeled pal-
m itate to cell homogenates containing intact mitochon-
dria ( 17 ). 

 However, for the purpose of “mode of action” predic-
tion in drug discovery a method is missing that allows 
maintaining cell organelle integrity to study  � -oxidation 
function in a low amount of cell material and avoiding 
the need of laborious cell homogenization techniques. 
We therefore aimed to develop a cost- and time-effi cient 
ESI-MS/MS-based targeted metabolite approach to quan-
titatively track the metabolites of each enzymatic step 
through the mitochondrial  � -oxidation machinery in per-
meabilized cells by utilizing unlabeled FA substrate. The 
new assay allows highly sensitive monitoring of pharmaco-
logical intervention on  � -oxidation in human fi broblasts 
and other cells such as adipocytes. 

 MATERIALS AND METHODS 

 Materials 
 DMEM (1 g/l  D -glucose), PBS, FBS Gold, stable glutamine, 

and penicillin/streptomycin were purchased from PAA Labora-
tories GmbH (Pasching, Austria).  L -carnitine, BSA (essentially 
FA-free), digitonin, ATP, ADP, CoA, cytochrome C, palmitic acid, 
DMSO, bezafi brate, etomoxir, acetyl-CoA, oxaloacetate, and 
DTNB were all obtained from Sigma-Aldrich (Steinheim, Ger-
many).  L -[ 2 H 3 ]carnitine (D 3 -C0),  L -[ 2 H 3 ]butyrylcarnitine (D 3 -C4), 
 L -[ 2 H 3 ]octanoylcarnitine (D 3 -C8), and  L -[ 2 H 3 ]palmitoylcarnitine 
(D 3 -C16) internal standards (Cambridge Isotope Laboratories) 
were obtained from Promochem (Wesel, Germany). Solid-phase 
extraction columns (silica-based, 100 mg, Bond Elut-C18) were 
purchased from Varian (Middelburg, The Netherlands). Ace-
tonitrile, methanol, and formic acid of HPLC quality were from 
Merck (Darmstadt, Germany). Butanolic hydrochloric acid 
(HCl) was prepared by saturating dry HPLC grade 1-butanol with 
HCl gas. Microtiter plates (96-well; Nunc) were obtained from 
Labor Schubert (Munich, Germany). 

 Cell lines and culture 
 A primary human fi broblast cell line was derived from skin of 

a healthy child with normal metabolic newborn screening test 
results who presented to the hospital for elective surgery for 
inguinal hernia repair, after informed consent was obtained. 
Cells were routinely grown as monolayers in T75 culture fl asks 
(Sarstedt; Nümbrecht, Germany) using DMEM with 1 g/l glu-
cose supplemented with 10% FBS and 2 mM stable glutamine at 
37°C in a humidifi ed 5% CO 2  atmosphere. Passage numbers 
ranged from P7 to P14; in this interval, human fi broblasts re-
tained a normal morphology. Murine 3T3-L1 preadipocytes 
were cultured and differentiated as described in the supple-
mental data. 
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Pad Software; La Jolla, CA) using one-way ANOVA and Tukey’s 
post hoc tests to assess differences. One sample  t -test was used 
to test for differences between pharmacological treatments 
and the untreated control. For all tests,  P  < 0.05 was considered 
signifi cant. 

 RESULTS AND DISCUSSION 

 Characterization of the assay 
   Table 1    shows the simultaneous quantifi cation of a 

panel of 30 acylcarnitines achieved after a substrate load 
with palmitic acid. As a critical assay step, in situ permeabi-
lization of cell membranes with digitonin allowed the study 
of an intact organelle environment in a much shorter in-
cubation and assay turnaround time compared with whole-
cell incubation assays ( 12–16 ). An assay scheme including 
the analyzed metabolic pathway is provided in    Fig. 1  . Digi-
tonin titration experiments in primary human fi broblasts 
analyzing lactate dehydrogenase and CS as markers for the 
cytosolic and mitochondrial compartments, respectively, 
determined a concentration of 20 µg/ml purifi ed digi-
tonin at 10 5  cells per well (3.8 cm 2 ) to be optimal to render 
the plasma membrane permeable while keeping the mito-
chondrial membrane intact. Similar concentration-depen-
dent effects of digitonin on various organelle membranes 
in fi broblasts, including the mitochondrial membrane, 
have been reported previously ( 23 ). 

 In addition to the advantage of a shorter assay time, the 
introduction of the permeabilization step and the surplus 
of FA substrate allowed MS/MS-based quantitation of acyl-
carnitines by utilization of only very low amounts of cell 
material. In comparison, the amount of protein required 
for comparable whole-cell incubation systems is at least 
twice to three times as high ( 13, 14, 16 ). Thus, the method 
is applicable even when availability of cell material is 
sparse, e.g., in the investigation of primary cells such as 
human adipocytes. 

 To increase the low aqueous solubility of the long-chain 
FA substrates in concentrations >10 µM ( 24 ), complexing 
of the FA with a carrier is required. Although albumin is 
frequently used, methyl- � -cyclodextrin (MBCD) is an al-
ternative vehicle for the solubilization of FAs ( 25, 26 ). We 
found that MBCD applied as described previously ( 25 ) led 
to an improved reconstitution of defi ned acylcarnitine 
standards in solution compared with albumin. However, 
the quantity of acylcarnitines produced during FAO was 
higher when palmitate was complexed with albumin com-
pared with MBCD, particularly for acylcarnitines of long- 
and medium-chain length (data not shown). This implies 
a more-effi cient presentation of FAs to the mitochondrial 
membrane by albumin in the context of the cell permeabi-
lization assay. 

 Acylcarnitines arise from intramitochondrial CoA esters 
generated on each step of the catabolic pathways of FAs 
and amino acids, provided that saturating amounts of 
 L -carnitine are present to drive the equilibrium toward acyl-
carnitine ester formation via the carnitine acyltransferase 
system ( 9 ). Through the reverse action of the carnitine-
acylcarnitine translocase, these acylcarnitines can exit the 

into the same sample tube, resulting in a volume ratio of 6.5:1 
(acetonitrile-methanol to sample). Forty microliter internal stan-
dard mixture containing 300 pmol D 3 -C0, 120 pmol D 3 -C4, 60 
pmol D 3 -C8, and 120 pmol D 3 -C16 were added to each sample. 
After vigorous mixing on an orbital shaker (New Brunswick Sci-
entifi c; Edison, NJ) at 160 rpm for 30 min at room temperature, 
samples were centrifuged at 4,000  g  for 20 min at room tempera-
ture. One milliliter of cell-free supernatant was then added to 
solid-phase extraction columns (1 ml capacity), which were 
washed with 1 ml of 100% methanol prior to use. Bound acylcar-
nitines were stepwise eluted with 2 × 1 ml methanol (100%) and 
2 × 1 ml methanol-H 2 O 1:2. The volume of 4 ml eluate was 
collected in silanized glass tubes and vacuum concentrated 
(ILMVAC Speed-Vac) before being subjected to derivatization 
and quantifi cation. 

 ESI-MS/MS analysis 
 The following devices were used: Savant Model SC210 A Speed-

Vac Plus centrifugal evaporator (Life Sciences; Frankfurt, Ger-
many); Titramax 1000 orbital shaker (Heidolph; Kelheim, 
Germany). Analyses were performed on an API365 ESI-MS/MS 
system equipped with a TurboIon spray device and a Series 200 lp 
HPLC pump (PE Sciex; Toronto, Canada), and a CTC PAL Au-
tosampler (CTC Analytics; Zwingen, Switzerland). A restriction 
capillary between the HPLC pump and the autosampler adjusts 
the pressure to 200 psi. The Analyst 1.4 software (AB SCIEX; 
Framingham, MA) was used for instrument control and data ac-
quisition. Data processing and calculation were performed with 
the ChemoView Software (AB SCIEX). Acylcarnitines and free car-
nitine were analyzed as described previously ( 19, 20 ). Free carni-
tine was quantifi ed relative to D 3 -C0, short-chain acylcarnitines (C2 
to C5) were quantifi ed relative to D 3 -C4, medium-chain acylcarni-
tines (C6 to C12) relative to D 3 -C8, and long-chain acylcarnitines 
(C14 to C18) relative to D 3 -C16. MS/MS data in pmol were ex-
pressed relative to citrate synthase (CS) activity (nkat/well), result-
ing in normalized amounts of each metabolite (mmol/kat). 

 Citrate synthase assay 
 Cells of a separate well of a 12-well plate were lysed by incuba-

tion with 200 µl assay buffer containing 1% Triton X-100 at 37°C 
for 30 min. CS activity was assayed using 0.2 mM acetyl-CoA, 0.4 
mM oxaloacetate, 0.2 mM DTNB in 50 mM Tris-HCl (pH 8.0), 100 
mM KCl, and 1 mM EDTA, as described previously ( 21 ). CS from 
porcine heart was used as a positive control (Sigma-Aldrich). CS 
activity was calculated as the mean of three independent assays per 
metabolite experiment and expressed as nkat/well. 

 Data processing 
 Processing, normalization to CS activity, visualization, and ex-

ploratory analysis of MS/MS data were carried out in the data 
analysis and statistics language R ( 22 ). All processing steps were 
performed in a fully automated processing script in order to mini-
mize the possibility of data handling errors. This analysis pipeline 
guarantees full reproducibility of all processing steps, also in fu-
ture analyses, and fi nally serves as a comprehensive documenta-
tion of the entire procedure. Each measured metabolite was 
checked against limits of detection (LODs) and limits of quantifi -
cation (LOQs) (determined in blank-sample experiments, de-
scribed below). Because the data cover several orders of magnitude, 
some of the data visualization was done on a logarithmic scale. 

 Statistical analysis 
 Data were expressed as mean ± SEM of at least three indepen-

dent experiments performed in triplicates each. All statistics of 
the presented data were performed in GraphPad Prism 4 (Graph-
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Various combinations of organic solvents were tested for 
extraction of acylcarnitines of diverse chain-lengths and 
polarities. A solution of acetonitrile-methanol (4:1, v/v) 
added to the sample in a volume ratio of 6.5:1 was deter-
mined to be most effi cient. This is similar to the procedure 
described by Minkler, Ingalls, and Hoppel, who found ace-
tonitrile-methanol (4:1, v/v) added to the sample in a high 
ratio of 10:1 to be most advantageous for desalting ( 28 ). 

 In a subsequent purifi cation step, cation exchange sol-
id-phase extraction using silica gel was applied; this has 
previously been shown to be effective to suffi ciently isolate 
acylcarnitines from urine and plasma ( 29–32 ). The rela-
tively apolar ratio of 6.5 parts acetonitrile-methanol (4:1, 
v/v) to 1 part sample volume resulted in suffi cient reten-
tion (96.0% to 99.5%) of acylcarnitines to the silica-gel 
columns. In particular, with regard to the retention of 
long-chain acylcarnitines, the use of acetonitrile-methanol 
in a ratio of 4:1 (v/v) was superior to the volume ratio of 
3:1 suggested by Vernez, Wenk, and Krähenbühl ( 29 ). We 
found the elution of acylcarnitines from the column to 

mitochondria ( 27 ). In our assay conditions, we detected 
approximately two thirds of the acylcarnitines produced in 
the particulate fraction and approximately one third in 
the incubation medium (data not shown). Therefore, the 
method was developed to allow quantifi cation from both 
compartments in a combined sample to increase signal in-
tensity. The distribution of accumulating metabolites in 
cells and media using this approach differs markedly from 
whole-cell incubation systems in which only 1% to 6% of 
produced acylcarnitine species were retained intracellu-
larly following loading of normal fi broblasts with  L -carni-
tine and palmitic acid ( 15 ). This difference in distribution 
between compartments appears to be the result of consid-
erably longer incubation times of 72 to 96 h necessary in 
intact cells as compared with only 2 h in our permeabi-
lized cell preparation. 

 Because of the necessity to measure acylcarnitines in 
both the particulate fraction and the incubation medium, 
a specifi c extraction procedure was devised comprising 
protein precipitation by organic solvents and desalting. 

 TABLE 1. Simultaneous quantifi cation of 30 acylcarnitines of palmitate oxidation. 

Acylcarnitine  m/z Mean pmol SEM pmol LOD pmol LOQ pmol

High abundance C2:0 260.2 2097.70 66.61 27.24 57.14
C12:0 400.3 462.82 41.83 3.48 9.91
C16:0 456.4 381.65 7.42 0.86 2.30
C6:0 316.3 137.08 6.12 10.61 26.26
C10:0 372.3 136.51 8.28 2.90 7.73
C8:0 344.3 113.34 6.38 6.50 17.50
C14:0 428.4 43.58 0.82 0.41 1.13
C16:0-OH 472.4 11.31 0.39 0.60 1.25
C16:1 454.4 11.09 0.21 0.12 0.34
C14:1 426.4 3.96 0.13 0.19 0.60
C14:0-OH 444.4 3.50 0.12 0.24 0.65
C18:1 482.4 1.67 0.06 0.07 0.19

Medium abundance C4:0 288.2 79.94 3.25 16.68 38.30
C10:1 370.3 23.82 2.60 4.66 12.43
C5:0-DC 388.3 8.78 0.81 1.58 4.30
C18:0 484.4 3.05 0.11 0.36 0.94
C16:1-OH 470.4 1.31 0.06 0.17 0.48
C12:1 398.3 0.93 0.07 0.12 0.31
C18:2 480.4 0.63 0.04 0.07 0.19
C18:1-OH 498.4 0.23 0.02 0.05 0.14

Low abundance C6:0-DC 402.3 34.31 4.14 17.64 41.57
C3:0 274.2 20.63 1.92 15.31 37.54
C4:0-DC 374.3 4.41 0.38 2.90 7.34
C5:1 300.2 3.71 0.37 2.33 4.68
C8:1 342.3 3.20 0.33 1.63 4.18
C12:0-DC 486.4 0.33 0.02 0.22 0.50
C18:0-OH 500.4 0.13 0.01 0.05 0.14
C16:2 452.4 0.07 0.01 0.05 0.14
C16:2-DC 476.5 0.05 0.01 0.02 0.10
C16:1-DC 540.4 0.03 0.01 0.02 0.10

Below detection limit C3:0-DC 360.2 11.02 1.16 12.48 32.14
C5:0 302.2 9.68 0.48 20.11 45.34
C6:0-OH 332.3 7.71 1.19 7.99 23.21
C4:0-OH 304.2 2.84 0.35 3.48 9.22
C5:0-OH 318.2 2.77 0.23 4.85 12.70
C10:2 368.3 0.51 0.08 0.79 1.99
C14:2 424.3 0.25 0.03 0.29 0.77
C12:2 396.3 0.13 0.01 0.19 0.46
C18:2-OH 496.4 0.10 0.01 0.31 0.74
C18:1-DC 568.5 0.04 0.01 0.05 0.12
C16:0-DC 542.4 0.02 0.004 0.12 0.38
C18:0-DC 570.5 0.01 0.004 0.07 0.19
C18:2-DC 568.5 0.01 0.002 0.05 0.17

Metabolites were categorized according to their abundance (pmol) following determination by ESI-MS/MS, 
prior to normalization to citrate synthase activity (n = 11 samples of within-run analyses).
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samples after cell incubation and defi ned as LOD = mean 
+ 3 SD and LOQ = mean + 10 SD ( 34 ). Abundance of acyl-
carnitine species after palmitic acid load by MS/MS and 
their LODs and LOQs are presented in  Table 1 . Out of 43 
theoretically measurable acylcarnitines, 13 were below the 
detection limit, including dicarboxylic (DC) long-chain 
and hydroxylic (OH) species and unsaturated acylcarni-
tines with two double bonds. Metabolites were defi ned as 
“low-abundant” when they were detected above the LOD 
(>1.0 to 4.5 times LOD) but were below the LOQ, again 
comprising various DC, OH, and unsaturated acylcarni-
tines (n = 10). Acylcarnitines directly derived from enzy-
matic conversions within each palmitate  � -oxidation cycle 
 (  Fig. 2  , insert) were detected in considerably higher 
amounts (“medium-abundant” and “high-abundant”; n = 
20,  Table 1 ). Saturated long-, medium-, and short-chain 
acylcarnitines generated after each completed cycle of 
palmitate oxidation and long-chain mono-unsaturated 
and OH species of the fi rst two cycles were detected in 
highest amounts and categorized as “high-abundant” (>10 
times LOD, >5 times LOQ). “Medium-abundant” metabo-
lites were quantifi ed in amounts clearly above detection 
limits (>4.5 to 10 times LOD, >1.5 to 5 times LOQ), com-
prising C18 species and more-distal FAO acylcarnitine prod-
ucts (medium- and short-chain species) ( Table 1 ;  Fig. 2 ). 
In the presence of excess palmitic acid, the C18 species 
are derived from elongation and desaturation reactions 

be most effi cient at four times the column volume (1 ml), 
containing two steps (1 ml) with methanol 100% followed 
by two steps (1 ml) with methanol-H 2 O 1:2. Methanol 100% 
disrupted the ion-exchange interaction between the silica-
gel column and predominantly the long-chain acylcar-
nitines, leading to their elution in the fi rst two fractions, 
whereas the subsequent use of a more-polar solvent 
resulted in elution of mainly short-chain acylcarnitines 
in the following two fractions. The medium-chain acylcar-
nitines were recovered in all four fractions in almost equal 
amounts. 

 The acylcarnitine species subsequently quantifi ed by 
ESI-MS/MS were normalized to CS activity, a stable indica-
tor of mitochondrial mass ( 33 ). This was preferred to cel-
lular protein concentration in order to avoid artifacts due 
to possible variations in cell size and thus varying protein-
mitochondria relation. 

 Validation of the assay 
 The recovery of the acylcarnitines by the extraction 

method was estimated by adding deuterated internal stan-
dards either at the beginning or at the end of the proce-
dure (set at 100%), and by calculating the differences. 
The extraction effi ciencies for D 3 -C0, D 3 -C4, D 3 -C8, and 
D 3 -C16 were all  � 75%. 

 The LOD and the LOQ were determined by treating 
blank samples (without cells; n = 10) in the same way as 

  Fig.   1.  Schematic representation of the in situ permeabilization assay for metabolite profi ling of palmitate  � -oxidation in intact mito-
chondria. ACS, acyl-CoA synthetase; CACT, carnitine acylcarnitine translocase (offi cially named as SLC25A20); CPT1, carnitine palmitoyl-
transferase 1; CPT2, carnitine palmitoyltransferase 2; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; PM, 
plasma membrane.   
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respectively, whereas for medium-abundant acylcarnitines, 
corresponding CVs were 37%, 43%, and 42%. The average 
intra-assay variation (n = 11) for high-abundant acylcarni-
tines was 9%, 20%, and 10% for long-, medium-, and short-
chain species, respectively, whereas for medium-abundant 
acylcarnitines, corresponding CVs were 19%, 28%, and 21%. 

resulting in stearic acid (C18:0) and oleic acid (C18:1) 
and subsequent  � -oxidation of these FAs. 

 The inter-assay variation [coeffi cient of variation (CV); n = 
6] was determined in the fi broblast cell line during the 
course of 2 weeks and was calculated at 34%, 36%, and 40% 
for high-abundant long-, medium-, and short-chain species, 

  Fig.   2.  Multiple reaction monitoring (MRM) transitions of acylcarnitines derivatized as their butyl esters 
following loading with palmitic acid in the in situ permeabilization metabolite assay. Primary human fi bro-
blasts were loaded with palmitic acid (100 µM, 120 min). The signals represent molecular ions of acylcarni-
tine butyl ester derivatives detected by applying ESI-MS/MS in the MRM mode. Quadrupole Q1/Q3 
transitions were monitored by the acylcarnitine-specifi c daughter ion of 85 amu. The inserted scheme shows 
the metabolites of mitochondrial palmitic acid  � -oxidation, as detected by the in situ permeabilization 
ESI-MS/MS method. Four enzymatic reactions are involved in each  � -oxidation cycle, resulting in consecu-
tive dehydrogenation (1), hydration (2), dehydrogenation (3), and thiolytic cleavage ( 4 ) reactions, to gener-
ate acetyl-CoA (C2:0) and a new acyl-CoA of two less carbon atoms than the original one. C16:0 = O indicated 
in gray is not part of the analyzed acylcarnitine panel but is displayed in order to indicate one complete  � -
oxidation cycle.   

  Fig.   3.  Concentration profi le of various acylcarnitine products of palmitate oxidation, analyzed by the in 
situ permeabilization metabolite assay. Primary human fi broblasts were loaded with eight different concen-
trations of palmitic acid or incubated with control medium containing no palmitic acid (0 µM) for 120 min. 
Representative acylcarnitine products of short- (C4:0), medium- (C8:0), and long-chain (C16:0) species are 
depicted. Three independent experiments were performed in triplicates each. Results are presented as 
mean ± SEM. For each metabolite, values not sharing a common letter are signifi cantly different ( P <  0.05).   
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palmitate concentrations and was found to be 30 µM for 
C4:0-carnitine, 100 µM for C8:0-carnitine, and 300 µM for 
C16:0-carnitine ( Fig. 3 ). At concentrations of 300 µM and 
greater, the production of medium- and short-chain me-
tabolites was signifi cantly impaired, possibly due to sub-
strate inhibition ( 35 ). Time experiments to defi ne metabolite 
saturation revealed a near-plateau situation after an incu-
bation time of 60 min for medium- and short-chain acyl-
carnitines and after 90 min for long-chain acylcarnitines, 
whereas a plateau was reached at 120 min for all chain 
length species (data not shown). Therefore, saturating 
conditions of 120 min incubation with 100 µM palmitate 
were chosen for all loading experiments. A typical profi le of 
multiple reaction monitoring transitions of acylcarnitines 
is shown in  Fig. 2 . 

Although the method comprises a series of steps throughout 
the protocol, potentially all that cause variability, partic-
ularly factors relating to cell culture conditions must be 
controlled. For example, cell confl uence and the ratio of 
accessible cell membranes to digitonin concentration might 
have an impact on the substrate concentration available at 
the mitochondrial site. Thus, the procedure requires that 
standardization of cell culture conditions and appropriate 
controls be carried along within each single experiment. 

 Substrate concentrations and time course 
 To defi ne an appropriate substrate concentration, vari-

ous palmitate concentrations were evaluated  (  Fig. 3  ). With 
increasing chain length, a saturating plateau of the pro-
duced acylcarnitines was reached at increasingly higher 

  Fig.   4.  Pharmacological treatment with the PPAR agonist bezafi brate and the CPT1 inhibitor etomoxir 
followed by palmitate loading. Representative acylcarnitine products of short- (C4:0), medium- (C8:0), and 
long-chain (C16:0) species are depicted. Three independent experiments were performed in triplicates 
each. Results are presented as mean ± SEM. Statistically signifi cant differences of pharmacological treat-
ments relative to the untreated control are indicated by an asterisk ( P <  0.05). For each metabolite, values 
not sharing a common letter indicate statistically signifi cant differences in metabolite abundance between 
concentrations ( P <  0.05). A: Stimulation of FA  � -oxidation following pretreatment with the PPAR agonist 
bezafi brate and subsequent palmitate loading (100 µM, 120 min). Bezafi brate was dissolved in DMSO; the 
fi nal concentration of DMSO per well was 0.05%. Primary human fi broblasts (10 5  cells/well) were incubated 
with increasing bezafi brate concentrations (10, 30, 100, 300 µM) for 48 h ( 38 ) in DMEM (1 g/l glucose) and 
0.25% FA-free BSA. Results are expressed as fold increase in metabolite abundance compared with the un-
treated control (0.05% DMSO). B: Inhibition of FA  � -oxidation following pretreatment with the CPT1 in-
hibitor etomoxir and subsequent palmitate loading (100 µM, 120 min). Etomoxir was dissolved in H 2 O. 
Prior to permeabilization, fi broblasts (10 5  cells/well) were pretreated with different etomoxir concentra-
tions (10, 20, 50, 100 µM) for 30 min ( 42 ) in DMEM (1 g/l glucose) and 0.25% FA-free BSA. Results are 
expressed as fold decrease in metabolite abundance compared with the untreated control (H 2 O; indicated 
by the dotted line).   
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sulting in comprehensive high content information on 
FAO pathways. Compared with previous methods, this 
ESI-MS/MS-based assay specifi cally avoids the require-
ments of large amounts of cells, extensive cell homogeni-
zation techniques, long incubation times, and high costs 
due to radioactive substrates. The method enables quanti-
tative investigations of the regulatory effects of pharmaco-
logical and potentially other agents, nutritive or 
chemopreventive, on the catabolism of FAs and thus has 
the potential to facilitate the development of new thera-
peutic strategies for states of  � -oxidation dysfunctions, 
such as in obesity and insulin resistance.  

 The authors thank Sandra Sonnenschein for technical support. 
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