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Abstract

Acylcarnitines have been linked to obesity-induced insulin resistance. However the ma-
jority of these studies have focused on acylcarnitines in plasma. It is currently unclear to 
what extent plasma levels of acylcarnitines reflect tissue acylcarnitine metabolism. We 
investigated the correlation of plasma acylcarnitine levels with selected tissue acylcar-
nitines as measured with tandem mass spectrometry, in both fed and fasted BALB/cJ 
(BALB) and C57BL/6N (Bl6) mice. Fasting affected acylcarnitine levels in all tissues. These 
changes varied substantially between the different tissue compartments. No significant 
correlations were found between plasma acylcarnitine species and their tissue counter-
parts in both mouse strains, with the exception of plasma C4OH-carnitine in BALB mice. 
We suggest that this lack of correlation is due to differences in acylcarnitine turnover 
rates between plasma and tissue compartments and the fact that the plasma acylcar-
nitine profile is a composition of acylcarnitines derived from different compartments. 
Therefore, plasma acylcarnitine levels do not reflect tissue levels and should be interpret-
ed with caution. A focus on tissue acylcarnitine levels is warranted in metabolic studies.
  

Introduction 

The western lifestyle and concomitant obesity epidemic are the main causes of the in-
creasing prevalence of insulin resistance, a condition characterized by decreased insulin 
sensitivity of tissues such as in liver and muscle. In obesity and overfeeding, high levels 
of circulating lipids can lead to lipid storage in non-adipose tissue [22]. This ectopic fat 
deposition can cause disturbances in lipid metabolism which may lead to insulin resis-
tance, a concept referred to as lipotoxicity [10,11,22]. Several lipid intermediates like fatty 
acyl-CoAs, diacylglycerol (DAG), ceramides, gangliosides and free fatty acids (FFA) have 
been implicated in the development of insulin resistance [20,28]. Acylcarnitines have 
been suggested to result from incomplete fatty acid oxidation (FAO) and were also pro-
posed to induce insulin resistance [1,12]. 
Acylcarnitines comprise of an acyl group esterified to L-carnitine, which enables them to 
cross the mitochondrial membrane. Given the abundance of different acyl groups, the 
resulting acylcarnitine profile is extensive. Most acyl groups are derived from FAO, but 
they can also originate from amino acid and glucose metabolism. L-carnitine is mainly 
absorbed from the diet, but can also be formed through biosynthesis in human liver, kid-
ney and brain. Other tissues must therefore acquire carnitine from the circulation [37]. 
The plasma acylcarnitine profile is directly influenced by diet and metabolic status such 
as fasting, which is associated with altered FAO flux [7,15,17,30]. Acylcarnitine profiling 
has been and remains the golden standard in diagnosing many different inborn errors of 
metabolism including FAO disorders [5].
Several recent studies show increased levels of multiple acylcarnitines in obese, insulin 
resistant subjects [11,17,20]. This has led to the hypothesis that accumulating acylcarni-
tines can interfere with insulin signalling. Long-chain acylcarnitines [20,26,27], ketone 
body derived C4OH-carnitine [1,20,31] and branched-chain amino acid (BCAA) derived 
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species C3- and C5-carnitine [24,39] have been suggested to induce insulin resistance. 
In some of these studies, the investigators measured both in plasma and muscle tis-
sue, but the majority focused only on plasma measurements of acylcarnitines and cor-
relations between plasma and tissue were not investigated. Insulin resistance, however, 
occurs on a cellular level of the different organ and tissue compartments, and these 
compartments may play distinct roles in the development of whole body insulin resis-
tance. Therefore it is important to understand if and how the carnitine and acylcarnitine 
pool in tissues is represented in the plasma compartment, and whether plasma acylcar-
nitine profiles accurately reflect acylcarnitine profiles in any of the tissues implicated in 
insulin resistance.
In a previous study, we showed that changes in plasma acylcarnitine levels upon fasting 
in lean healthy men did not reflect changes in acylcarnitine levels in muscle tissue [30]. 
The aim of this study was to investigate if and in what way acylcarnitines in plasma re-
flect acylcarnitine profiles in mouse liver, muscle, heart, white adipose tissue (WAT) and 
brown adipose tissue (BAT). Therefore we studied the correlation of plasma acylcarni-
tines with the acylcarnitines in these tissues, in both fed and fasted Balb/cJ (BALB) mice 
and a more insulin resistant model, C57BL/6N (Bl6) mice. We show that plasma acylcar-
nitine levels poorly reflect tissue acylcarnitine levels.

Methods

Animal studies
Mice were approximately 10 weeks of age at the time of the experiment. BALB mice were 
acquired from Harlan Laboratories and Bl6 mice were acquired from Charles River Lab-
oratories. Mice were housed under standard conditions and fed a chow diet. After one 
week of acclimatization both the BALB and Bl6 groups (22 mice per strain) were split in 
two, of which one group was fed ad libitum whereas the other half was fasted overnight 
for approximately 17 to 19 hours to increase FAO and induce insulin resistance. Between 9 
AM and 11 AM on the study day, all animals were anesthetized with pentobarbital (100 mg/
kg i.p.). In the subsequent dissection, venous blood sampling was performed by cannu-
lation of the caval vein. Liver, soleus muscle, gastrocnemius muscle, quadriceps femoris 
muscle, heart, gonadal white adipose tissue (WAT) and interscapular brown adipose tis-
sue (BAT) were dissected and frozen in liquid nitrogen, later to be stored at -80°C. 
All experiments were approved by the institutional review board for animal experiments 
at the Academic Medical Center (Amsterdam, The Netherlands). 

Laboratory analyses
For plasma acylcarnitine analysis, 25 μl of plasma was mixed with 50 μl of internal 
standard mixture (25 μl of 5 μM [3,3,3-2H3]C3-carnitine and 2 μM [6,6,6-2H3]C6-, [8,8,8 
-2H3]C8-, [10,10,10-2H3]C10- and [16,16,16-2H3]C16-carnitine in acetonitril (ACN), and 25 
μl of 26 μM [methyl-2H3]-L-carnitine in 10% ACN) [38]. The plasma samples were depro-
teinized by addition of 250 μl ACN and subsequent vortex mixing. Next, samples were 
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centrifuged for 10 minutes at 4°C at a speed of 20.000 g. The supernatant was trans-
ferred into 4 ml glass vials and evaporated under a stream of nitrogen at 40°C. After 
evaporation, 100 μl butylation reagent (4:1 mixture of 1-butanol and acetylchloride) was 
added and incubated for 15 minutes at 60°C. Again evaporation was performed at 40°C. 
The residue was dissolved in 100 μl ACN, vortex mixed and transferred to Gilson vials for 
tandem mass spectrometric analysis (Waters/Micromass Quattro Premier XE). 
Tissues were freeze-dried overnight and weighed afterwards. ACN (800 μl) and 50 μl of 
internal standard mixture (25 μl of 5 μM [3,3,3-2H3]C3-carnitine and 2 μM [6,6,6-2H3]
C6-, [8,8,8-2H3]C8-, [10,10,10-2H3]C10- and [16,16,16-2H3]C16-carnitine in ACN, and 25 
μl of 325 μM [methyl-2H3]-L-carnitine in 20% ACN) were added to the tissue [35]. The 
sample was homogenized by shaking twice with a 4mm metal ball using a TissueLyser 
II (Qiagen) for 30 seconds at frequency of 30/second. Samples were centrifuged for 10 
minutes at 4°C at a speed of 20.000 g. The supernatant was transferred into 4 ml glass 
vials and evaporated under a stream of nitrogen at 40°C. After evaporation, 100 μl pro-
pylation reagent (4:1 mixture of 1-propanol and acetylchloride) was added to the residue, 
vortex mixed and incubated for 15 minutes at 60°C. The derivatization reagent was evap-
orated under nitrogen and the residue was dissolved in 100 μl ACN, vortex mixed and 
transferred to Gilson vials for tandem mass spectrometric analysis. 
To detect the acylcarnitines the scan range for butylated samples was 215-515 (m/z), and 
for propylated samples 200-750 (m/z). The common daughter ion of 85 was detected, 
which results in a spectrum of parent ions corresponding to (M+H)+. The area under each 
acylcarnitine peak (AAC) and that under the IS (AIS) was quantified using MassLynx 4.1. The 
ratio AAC /AIS was determined and multiplied by the amount of added internal standard 
to carry out a semi-quantitative analysis of acylcarnitines and hydroxyacylcarnitines. The 
results of tissue were normalized for dry tissue mass to compare individual samples.

Statistical analysis
We specifically analysed acylcarnitine species which we considered quantitatively,  
dietary or metabolically relevant. We therefore chose to analyze several short-chain 
species such as C0-, C2- and C4-, which reflect the free carnitine pool and breakdown 
products from FAO, glucose and amino acid metabolism. We also analyzed C4OH-car-
nitine which in human muscle is mainly a ketone body derived acylcarnitine (D-stereo 
isomer of hydroxybutyrylcarnitine) [31] and several long-chain species of which C16- 
and C18:1-carnitine are derivatives of palmitate and oleate. Also, we analyzed C3- and 
C5-carnitine. C3-carnitine, or propionylcarnitine, can be derived from the BCAAs valine 
or isoleucine. C5-carnitine (isovalerylcarnitine or 2-methylbutyrylcarnitine) can be de-
rived from the BCAAs leucine or isoleucine [39]. The data for each individual mouse are 
available as supplemental table 1 (Table S1).
Acylcarnitine measurements were processed with Masslynx software version 4.1, and 
further analysed using Microsoft Office Excel 2003. MetaboAnalyst 2.0 was used for  
hierarchical clustering and heatmap generation [40,41]. We used the complete clustering 
algorithm with the Spearman correlations coefficient as the distance measure. Data were 
processed with range scaling methods (mean-centred and divided by the range of each 
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variable). Final statistical analysis was performed using SPSS statistical software program 
version 20.0. Data were evaluated by statistical correlations using bivariate Spearman’s 
correlation coefficients (two-tailed) and with independent T-tests. Data were consid-
ered significant with a P value <0.05 (marked as *) or <0.01 (marked as **).
For each of the four datasets (Bl6 or BALB, fasted or fed), we constructed an unweighted 
signed metabolite coexpression network using the approximately 15 unique metabolites 
measured across 8 different tissues. We followed the R tutorial as outlined previously 
[13,43]. In brief, in an unweighted signed coexpression network, nodes represent me-
tabolites and the nodes are connected if the corresponding metabolites are positively 
co-expressed across the tissue samples according to a hard cutoff (positive spearman’s 
rank correlation coefficient > 0.75). This conservative threshold was determined based 
on the fact that the majority of the metabolite pair-wise correlations were highly signifi-
cant at this cutoff. While coexpression networks can often use the absolute value of the 
correlation coefficient as an unsigned co-expression similarity measure, we employed a 
signed co-expression measure (sij) between metabolite expression profiles xi and xj, for 
which we used a simple transformation of the correlation: sij = (1+cor(xixj)/2). 
For the unweighted networks, we then generated an adjacency matrix, which contains 
binary information with entries of 1 or 0 depending on whether or not 2 nodes are adja-
cent (connected) to one another. To group metabolites with coherent expression profiles 
into modules, we used average linkage hierarchical clustering, which uses the topological 
overlap measure (TOM) as dissimilarity. The topological overlap of two nodes reflects 
their similarity in terms of the commonality of the nodes they connect to [42]. A height 
cutoff value of 0.96 was chosen in the dendrogram so that the resulting branches corre-
sponded to discrete diagonal blocks (modules) in the TOM plot with a minimum module 
size of 3 metabolites.
To further reduce the dimensionality of the dataset, we summarized the expression within 
a single module to a single module representative called the module ‘eigen-metabolite’, 
which is essentially the mathematical equivalent to the first principal component. We 
correlated the module eigen-metabolite measures within a coexpression network to one 
another (spearman rank correlation) and displayed them in a heat map plot. All graphical 
plots were generated using the WGCNA [18,42] and the heatmap package in R [16]. 

Results 

General characteristics of the fasting response in BALB and Bl6 mice
Upon overnight fasting, BALB mice lost 12% of their body weight (25.8 grams ± 1.5 pre- 
and 22.5 ± 1.6 post-fasting, P < 0.001), whereas Bl6 mice lost 16% body weight (25.7 grams 
± 1.0 pre- and 21.7 ± 0.9 post-fasting, P < 0.001). Fasting significantly induced ketosis in 
BALB (fasted beta-OH-butyrate 1.77 mmol/L ± 0.90 vs fed 0.12 mmol/L ± 0.05, p < 0.001) 
and Bl6 mice (fasted 1.06 mmol/L ± 0.36 vs fed 0.07 mmol/L ± 0.03, p < 0.001). Fasting ke-
tosis was significantly higher in BALB compared to Bl6 mice (p < 0.05). Fasting increased 
plasma FFAs 1.3-fold in BALB mice (0.70 mmol/L ± 0.18 pre- and 0.88 mmol/L ± 0.18 
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post-fasting, P < 0.05) and 1.5-fold in Bl6 mice (0.46 mmol/L ± 0.07 pre- and 0.71 mmol/L 
± 0.24 post-fasting, P < 0.01).

Acylcarnitine profiles in fed and fasted mice 
We used the acylcarnitine dataset of the Bl6 and BALB mice for two-dimensional hier-
archical clustering (Figures 1 and S1). In one dimension, this analysis clustered the mice 
according to the fed or fasted condition. In the other dimension, clustering revealed 
clusters of acylcarnitines responding similarly to fasting. Overall, the levels of most acyl-
carnitine species increased upon fasting regardless of tissue. This result illustrates that 
fasting is an excellent intervention to modulate acylcarnitine metabolism.

Acylcarnitine profiles in plasma
When compared to the fed condition, fasted Bl6 and BALB mice showed lower plas-
ma levels of free carnitine, whereas the levels of most other acylcarnitine species (ace-
tylcarnitine, C4-, C4OH-, C12-, C14:1-, C16- and C18:1-carnitine) increased significantly 
upon fasting (Figure 2, Table S1). The levels of C3- and C5-carnitine, two BCAA derived 
acylcarnitine species, responded differently to fasting in Bl6 and BALB mice. In BALBmice, 
C3-carnitine increased and C5-carnitine decreased in fasted compared to fed mice. In Bl6 
mice, C3-carnitine did not change upon fasting, whereas C5-carnitine levels increased.
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Figure 2  A and B Fasting-induced changes in Bl6 mice in plasma and tissue acylcarnitine levels of a. C0-carnitine, b. C2-

carnitine, c. C4OH-carnitine and d. C16-carnitine. (* p < 0.05, ** p < 0.01, *** p < 0.001, ns not significant)
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Figure 1 Unsupervised hierarchical clustering of acylcarnitine levels of fed and fasted Bl6 mice. The colors in the heatmap 

reflect the acylcarnitine abundance (mean-centred and divided by the range of each variable).
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Figure 4 A network of tissue and plasma acyl carnitines Topological overlap measure plots for fed Bl6 (a) and fasted Bl6 mice 

(b). The network analysis reveals distinct modules of connected acylcarnitines, which are indicated by color coding. Quad 

denotes quadriceps muscle; Gastroc denotes gastrocnemius muscle; SCAC denotes shortchain acylcarnitines; LCAC denotes 

longchain acylcarnitines. The Spearman correlation coefficient between the module eigenvectors are displayed in a heatmap.
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Supplemental data - part 1

Figure S1 Unsupervised hierarchical clustering of acylcarnitine levels. Heatmap of fed and fasted BALB mice. The colors in 

the heatmap reflect the acylcarnitine abundance (mean-centred and divided by the range of each variable).
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Figure S2 A network of tissue and plasma acylcarnitines 
Topological overlap measure plots for fed BALB (a) and fasted BALB mice (b). The network analysis reveals distinct modules of 

connected acylcarnitines, which are indicated by color coding. Quad denotes quadriceps muscle; Gastroc denotes gastroc-

nemius muscle; SCAC denotes shortchain acylcarnitines; LCAC denotes long-chain acylcarnitines. The Spearman correlation 

coefficient between the module eigenvectors are displayed in a heatmap.

Figure S2b: fasted BALB mice

Figure S2a: fed BALB mice
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Acylcarnitine profiles in liver
In liver, fasting levels of free carnitine were higher compared to fed levels in both BALB 
and Bl6 mice, whereas acetylcarnitine levels were lower in fasted liver of BALB and Bl6 
mice (Figure 2, Table S1). C3-carnitine and C4OH-carnitine did not differ between fed 
and fasted mice. C5-carnitine levels decreased only in fasted BALB mice. Lastly, C16- and 
C18:1-carnitine were higher in fasted animals of both strains.

PLASMA ACYLCARNITINES INADEQUATELY REFLECT TISSUE ACYLCARNITINES

Figure 2  C and D  Fasting-induced changes in Bl6 mice in plasma and tissue acylcarnitine levels of a. C0-carnitine, b. C2-

carnitine, c. C4OH-carnitine and d. C16-carnitine. (* p < 0.05, ** p < 0.01, *** p < 0.001, ns not significant)
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Acylcarnitine profiles in skeletal and cardiac muscle
In muscle tissue (m. soleus, m. gastrocnemius and m. quadriceps femoris) free carnitine 
was lower when fasted (Figure 2, Table S1). However, levels of long-chain acylcarnitines 
did not change upon fasting. Acetylcarnitine levels differed between the three muscle 
types, reflecting the oxidative capacity of the muscles. Acetylcarnitine levels in soleus 
muscle, which can be considered as the most oxidative muscle tissue [8], were twice as 
high as in gastrocnemius and quadriceps muscle in the fed state. Whereas acetylcarni-
tine levels increased in soleus muscle upon fasting, they decreased in quadriceps muscle 
and did not change in gastrocnemius muscle. C4OH-carnitine was higher in fasted ani-
mals of both mouse strains, which is probably caused by the fasting induced ketosis, as 
was demonstrated for human muscle [31]. Acylcarnitines in heart did not show any differ-
ences between fasted and fed BALB animals, with one exception being C4OH-carnitine, 
which was higher in the fasted group. In heart tissue of Bl6 mice, free carnitine was lower 
and all long chain species were higher compared to fed mice. Levels of BCAA derived 
species C3- and C5-carnitine did not significantly differ in muscle and heart tissue of fed 
and fasted BALB mice, whereas in fasted Bl6 mice both these acylcarnitine species were 
significantly higher in muscle and heart tissue when compared to fed Bl6 mice.

Acylcarnitine profiles in white and brown adipose tissue
Free carnitine and all other examined acylcarnitine species in WAT and BAT were high-
er in fasted BALB and Bl6 mice (Figure 2, Table S1). BAT showed the most pronounced 
response with a 5.5-fold increase in the level of acetylcarnitine and a 3.5- to 5-fold in-
crease in the level of C16- and C18:1-carnitine.

Correlations between compartments

Correlations between plasma and tissue acylcarnitine levels
We calculated individual correlation coefficients between plasma and tissue acylcar-
nitines. In general, we found no significant correlations between plasma acylcarnitine 
species and their tissue counterparts in either mouse strain, which is illustrated by the 
correlation of plasma C0-, C2-, C4OH- and C16- with their counterparts in liver (Figure 
3a) and soleus muscle (Figure 3b). Plasma free carnitine showed no significant correla-
tions with free carnitine in any of the tissues. None of the short chain species showed 
significant correlations, with the exception of plasma C4OH-carnitine, which in fed Bl6 
mice correlated with quadriceps femoris muscle (r2 0.622, p 0.031)(Table S2a). This cor-
relation was even more pronounced in fasted BALB mice (Table S2b), which exhibited 
higher ketosis compared to Bl6 mice, with plasma C4OH-carnitine correlating with all 
tested muscle compartments (soleus muscle (r2 0.624, p 0.040), gastrocnemius mus-
cle (r2 0.791, p 0.004) and quadriceps femoris muscle (r2 0.627, p 0.039)) and heart (r2 
0.673, p 0.023). Interestingly plasma C4OH-carnitine correlated negatively with BAT (r2 
-0.664, p 0.026). Lastly, none of the plasma long-chain acylcarnitine species correlated 
with their tissue counterparts in any metabolic state in both BALB and Bl6 mice.
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Figure 3a

Figure 3b

Figure 3 Correlations of C0-, C2-, C4OH- and C16-carnitine in fasted Bl6 mice between a. plasma vs liver, and b. plasma vs 

soleus muscle.
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A network of tissue and plasma acylcarnitines
Network approaches attempt to syndicate large-scale datasets such as transcriptomics 
into informative relationships that otherwise are not readily apparent given the size of 
the dataset. In order to reveal these relationships in our acylcarnitine dataset, we con-
structed unweighted signed metabolite coexpression networks for Bl6 and BALB in the 
fed and fasted condition. The networks are displayed as a plot of the topological overlap 
measure (TOM) that considers the pairwise correlation of metabolites in relation to other 
metabolites in the network. In all four conditions, our network analyses revealed distinct 
modules of connected acylcarnitines, which are indicated by color coding (Figure 4a, b 
and S2a, b). These modules differ between the fed and fasted condition, but also be-
tween the Bl6 and BALB strain. In general the long-chain acylcarnitines grouped together 
according to the tissue they were analyzed in. For example, the long-chain acylcarnitines 
in most muscle tissues were connected in fed as well as fasted conditions, with the so-
leus often forming a separate module. Indeed there were significant correlations for 
C16- and C18-carnitine in the examined muscles (table S3a, b), suggesting a coordinated 
long-chain acylcarnitine metabolism in striated muscle tissues. Short-chain acylcarni-
tines grouped not only according to tissue, but also according to metabolite class.
The variation within one metabolite module can be represented by a principal compo-
nent, or module eigen-metabolite. This enables the analysis of the relations between 
the metabolite modules. The correlation coefficients of the metabolite modules in each 
TOM plot are displayed as a heatmap (Figure 4a, b and S2a, b). In fasted Bl6 mice, this 
analysis revealed a significant negative correlation between the blue module comprising 
the long-chain acylcarnitine species in quadriceps and gastrocnemius muscle, and the 
brown module, which represents the long-chain-acylcarnitines in liver.
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Discussion

We analysed plasma acylcarnitine profiles in relation to their counterpart acylcarnitine 
profiles in tissue of both fed and fasted Bl6 and BALB mice. Despite the fact that acylcar-
nitine levels differed between the fed and fasted state, no correlations could be estab-
lished between plasma acylcarnitines and their tissue counterparts.
We have studied both BALB and Bl6 mouse strains for their differences in insulin sen-
sitivity. Bl6 mice are a generally preferred strain for metabolic studies, as they develop 
more severe insulin resistance upon high fat diet interventions [6], opposed to BALB 
mice [21]. In our study, both strains had comparable changes in acylcarnitine profiles 
under fed and fasted conditions. During fasting, glucose oxidation decreases and the 
organism enters a predominant lipid mobilizing (i.e. lipolysis) and oxidizing (i.e. whole 
body lipid oxidation and hepatic ketogenesis) state [32]. Our data showed organ specific 
changes in acylcarnitines upon a fasting intervention. In plasma, lower fasting free car-
nitine levels were accompanied by a rise of mainly short-chain acylcarnitine species. A 
general shift from free to acylated carnitine is likely to explain this observation although 
the overall increase in acylcarnitine levels did not equal the decrease of free carnitine. 
Uptake of free carnitine by tissues is most likely another contributor to this decrease.
In contrast to plasma, fasting increased hepatic free carnitine levels, which may reflect 
de novo synthesis by the liver. Here, fasting-induced peroxisome proliferator-activated 
receptor-alpha (PPAR-alpha) activation stimulates hepatic carnitine synthesis and up-
take from plasma via induction of the Bbox1 and Slc22a5 gene, respectively [36]. Fast-
ing lowered hepatic acetylcarnitine levels, which, combined with higher fasting plasma 
acetylcarnitine levels, suggests increased liver acetylcarnitine efflux. Acetylcarnitine was 
the most abundant of acylated carnitine species under both fed and fasted conditions. It 
can be speculated that acetylcarnitine serves to disseminate energy (via acetyl-CoA) or 
alternatively transports newly synthesized carnitine to other organs. 
Long-chain acylcarnitines all increased in liver upon fasting, and formed a highly con-
nected metabolite module. As FFA increased upon fasting, this rise in hepatic long-chain 
acylcarnitines probably reflects the activation of these FFA and subsequently the con-
version to an acylcarnitine for FAO and concomitant ketone body production in the liver.
In muscle tissue, free carnitine was unchanged or tended to be slightly lower in fasted 
mice despite the changes in metabolic state, suggesting that supply of carnitine to the 
muscle compartment adequately responds to the demand in the fasted condition. We 
found that acetylcarnitine levels varied between different muscles, most likely reflecting 
muscle fiber type. Acetylcarnitine was highest in the fasted soleus muscle, which has 
predominantly type 1 oxidative muscle fibres and thus may reflect the high capacity for 
oxidizing lipids during fasting [25]. In contrast, acetylcarnitine levels in gastrocnemius 
and quadriceps muscle were unaffected or lower upon fasting. This might suggest lower 
FAO rates during fasting in these white and mixed muscle fibre types. Moreover high 
levels of acetylcarnitine and thus acetyl-CoA might inhibit the pyruvate dehydrogenase 
(PDH) complex and subsequent carbohydrate oxidation [23], underlining the potential 
importance of acetylcarnitine as metabolic regulator. 
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In all muscle types C4OH-carnitine was strongly increased by fasting, being consistent 
with earlier studies showing a positive correlation between increased fasting levels of 
C4OH-carnitine in muscle tissue and plasma FFA levels in an insulin resistant state [1]. In 
human muscle, this acylcarnitine species has been shown to be mainly derived from the 
ketone body beta-hydroxybutyrate (D-3-hydroxybutyryl-carnitine/ketocarnitine) [31]. 
Although it has been suggested that skeletal muscle is capable of ketogenesis [1], the 
liver is most likely the predominant source of FAO-derived ketone body production and 
muscle C4OH-carnitine levels correlate significantly with the ketone body production 
rate in humans during fasting [31]. 
Long-chain acylcarnitines have been suggested to induce insulin resistance [20,22]. In 
this study, long-chain acylcarnitine levels in muscle were unchanged by fasting, with the 
exception of C14:1- and C18:1-carnitine which did increase upon fasting in several mus-
cle types. Therefore the muscle compartment as a whole seems to maintain and war-
rant stable acylcarnitine and free carnitine levels, reflecting an adaptive mechanism to 
prevent abrupt changes in energy production or CoA trapping as known from humans 
[30]. The long-chain acylcarnitines in muscle did form distinct modules, suggesting a 
coordinated long-chain acylcarnitine metabolism in striated muscle tissues. In fasted 
Bl6 mice, the module representing long-chain acylcarnitines in quadriceps and gastroc-
nemius showed a strong negative correlation with liver long-chain acylcarnitines (Figure 
4a). High long-chain acylcarnitines in liver could reflect higher hepatic FAO rates and 
thus higher production of ketone bodies, which on their turn suppress FAO in muscle, 
lowering muscle acylcarnitine levels.
Heart acylcarnitine metabolism showed some resemblance with skeletal muscle. Chang-
es upon fasting differed between BALB and Bl6 mice with the former showing no change 
except for C4OH-carnitine whereas the latter having lower free carnitine and higher lev-
els of all other acylcarnitine species after fasting. As heart already relies on FAO for 70 to 
80% of its energy requirements in the fed state [34], acylcarnitine metabolism is crucial 
for energy production in cardiac muscle. In absence of fatty acids, carnitine alone lowers 
acetyl-CoA/CoA ratios and thereby increases PDH activity and carbohydrate oxidation, 
whereas in presence of fatty acids it increases the acetyl-CoA/CoA ratio and thereby 
inhibits PDH activity in favor of FAO [4].
The most consistent difference in acylcarnitine levels between the fed and fasted state 
was observed in WAT and BAT where all acylcarnitine species were significantly higher 
when fasted. Indeed, long- and short-chain acylcarnitine formed a distinct module in 
fasted Bl6 mice. We speculate that this increase in acylcarnitines reflects increased lip-
olysis and as a consequence increased FAO rates. Indeed, stimulation of lipolysis in vis-
ceral fat through the use of a PPAR-alpha agonist, increases FAO and energy expenditure 
in this type of adipose tissue [19]. Also treating cultured adipocytes with a specific isomer 
of conjugated linoleic acid [9], increases both lipolysis and FAO in these cells. Autophagy 
and accompanying lipolysis led to higher FAO rates in WAT [29]. All together these data 
may suggest that FAO is stimulated in WAT under lipolytic circumstances which may ex-
plain the rise in acylcarnitines. 
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In contrast to WAT which functions mainly as a dynamic fat storage compartment and 
-supplier, BAT does not secrete FFA and has limited triglyceride storage capacity. FAO 
in BAT is used mainly for heat generation to maintain core body temperature [33]. This 
thermogenic function of BAT is essential in rodents and demands high energy supply to 
increase FAO rates in the abundant mitochondria [2]. Under fed conditions, BAT is capa-
ble of oxidizing both glucose and fatty acids, but a high FAO capacity in BAT may explain 
the increased acylcarnitine levels in the fasted state.
A potential limitation of our study is the effect of anesthesia or post-mortem tissue col-
lection on acylcarnitine levels that could have masked significant correlations. Indeed, 
anesthesia using pentobarbital and post-mortem sampling collection have been report-
ed to influence tissue and plasma acylcarnitine levels [3,14]. In our study all mice were 
comparable with each other, because they were anesthetized using a similar dose of 
pentobarbital. Blood withdrawal and organ collection were performed systematically, 
rapidly and in a specific order, equalizing the time lapse between blood and tissue har-
vesting for all different tissues analyzed. Our data demonstrate fasting-induced changes 
in tissue and plasma acylcarnitine levels, illustrating that our method reliably detected 
physiological differences. Therefore potential correlation between plasma and tissue 
acylcarnitines should have been detected if present.
In summary, we observed a lack of correlation between plasma acylcarnitines and the 
respective tissue acylcarnitine levels. This might be explained by the substantial differ-
ences in the response of tissue acylcarnitines to fasting as discussed above. In addi-
tion, the absence of correlation may be explained by a difference in the turnover rates 
of plasma acylcarnitines and tissue acylcarnitines. We speculate that the FAO induced 
change in individual acylcarnitines is considerably smaller in plasma when compared to 
tissue. Additionally the plasma acylcarnitine profile is also affected by the uptake of acyl-
carnitines by tissues. This implies that the plasma acylcarnitine profile rather reflects a 
complex sum of past metabolic changes rather than the current metabolic status. Within 
this concept we hypothesize that plasma profiles are mainly composed of 1- the surplus 
of acylcarnitines which are cleared very effectively by muscle to prevent accumulation 
when FAO rates increase, 2- mobilized lipids from lipolysis in adipose, tissue in the form 
of acylcarnitines, 3- surplus and newly synthesized carnitine and acylcarnitines from 
the liver and 4- carnitine and acylcarnitines from other, probably smaller fat oxidizing 
compartments. 
In this study, we have shown that plasma acylcarnitine profiles did not correlate with 
tissue acylcarnitine profiles. However, acylcarnitine levels in different tissues did change 
under dietary (fasting) conditions and these changes were chain length and tissue de-
pendent. Although fasting induced insulin resistance may differ from chronic diet-in-
duced insulin resistance, these results have important consequences: since some 
studies showed associations of plasma acylcarnitines with various parameters of insulin 
sensitivity [11,17,20], the exact pathophysiological meaning of such correlations remains 
elusive. A focus on tissue acylcarnitines may be preferable in future studies.
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Supplemental data - part 2

Table S1 Acylcarnitine levels in fed and fasted mice

Table S1a. Acylcarnitine levels in fed and fasted Bl6 mice

Bl6 mice   C0 C2 C3 C4 C4OH C5 C12 C14:1 C16 C18:1 

Plasma
 

fed mean 21.11 4.16 0.14 0.21 0.06 0.05 0.01 0.02 0.15 0.07

SD 3.57 0.74 0.06 0.18 0.02 0.02 0.00 0.01 0.03 0.02

fasted mean 10.94 5.18 0.13 0.23 0.14 0.07 0.03 0.09 0.50 0.43

SD 2.46 0.81 0.06 0.10 0.03 0.03 0.01 0.02 0.08 0.06

 p 0.00 0.01 0.57 0.74 0.00 0.05 0.00 0.00 0.00 0.00

Liver
 

fed mean 785.76 161.72 9.90 31.88 5.59 3.96 0.58 0.42 3.49 3.14

SD 236.18 44.67 4.84 16.38 2.36 2.38 0.17 0.23 1.20 1.49

fasted mean 1020.73 121.80 10.75 8.23 5.80 2.99 1.96 2.74 14.91 13.24

SD 122.64 22.94 1.85 2.35 1.59 1.29 0.94 1.29 2.20 3.43

 p 0.01 0.01 0.58 0.00 0.81 0.24 0.00 0.00 0.00 0.00

Soleus
 

fed mean 1963.75 368.84 9.47 12.19 5.57 1.09 5.04 6.51 47.73 28.61

SD 304.75 89.24 2.66 4.66 2.73 0.11 1.94 2.88 26.71 16.04

fasted mean 1644.47 555.83 11.32 27.02 49.00 1.57 5.54 9.43 59.78 55.48

SD 198.27 82.34 4.05 13.84 16.35 0.68 2.61 5.40 39.48 39.43

 p 0.01 0.00 0.22 0.01 0.00 0.04 0.61 0.13 0.41 0.06

Gastroc- 
nemius
 

fed mean 10559.84 112.66 2.31 8.75 1.03 1.76 4.75 4.42 126.17 39.73

SD 799.39 15.10 0.43 1.84 0.18 0.25 2.05 2.00 54.64 15.75

fasted mean 12039.26 105.37 4.16 14.29 4.80 5.27 4.82 9.25 115.97 88.98

SD 1571.88 24.31 0.81 3.31 1.87 1.36 1.71 3.39 33.38 35.58

 p 0.01 0.41 0.00 0.00 0.00 0.00 0.93 0.00 0.59 0.00

Quadri-
ceps
 

fed mean 11504.66 137.45 2.63 9.42 1.22 1.47 4.67 4.69 189.61 72.61

SD 1929.83 19.49 0.49 3.27 0.35 0.31 1.91 2.23 75.77 35.33

fasted mean 10967.56 107.50 3.70 15.26 4.51 5.72 4.31 7.91 157.24 122.60

SD 1571.87 25.15 1.07 3.64 1.58 1.58 1.18 2.88 40.12 48.98

 p 0.47 0.01 0.01 0.00 0.00 0.00 0.58 0.01 0.21 0.01

WAT
 

fed mean 14.38 0.94 0.09 0.14 0.05 0.06 0.02 0.02 0.21 0.11

SD 4.00 0.32 0.03 0.05 0.02 0.03 0.01 0.01 0.10 0.05

fasted mean 19.23 2.16 0.19 0.25 0.18 0.16 0.04 0.03 0.58 0.31

SD 6.64 0.94 0.08 0.14 0.07 0.10 0.03 0.01 0.17 0.09

 p 0.05 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.00 0.00

BAT
 

fed mean 7204.51 40.90 1.11 4.65 1.67 0.51 0.46 0.56 4.54 3.99

SD 3594.46 25.57 0.93 3.91 0.79 0.35 0.31 0.41 3.55 2.21

fasted mean 15497.14 222.41 3.72 15.40 16.80 3.92 2.59 3.69 14.40 15.82

SD 9221.32 130.05 2.14 9.72 10.81 2.41 1.02 1.24 5.10 6.27

 p 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Heart
 

fed mean 2874.08 349.28 9.24 18.67 10.10 1.41 4.66 8.40 73.35 65.09

SD 385.66 214.12 4.55 23.35 18.84 0.94 2.43 4.41 47.36 50.43

fasted mean 2384.26 493.75 12.72 26.53 28.96 2.75 22.68 41.09 171.53 193.70

SD 462.17 159.64 8.69 9.56 16.44 1.44 18.94 37.57 138.62 169.88

 p 0.01 0.08 0.25 0.30 0.02 0.02 0.01 0.02 0.05 0.03
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Table S1b. Acylcarnitine levels in fed and fasted BALB mice

BALB mice   C0 C2 C3 C4 C4OH C5 C12 C14:1 C16 C18:1 

Plasma
 

fed mean 32.37 7.04 0.21 0.80 0.09 0.12 0.02 0.03 0.16 0.09

SD 4.13 1.27 0.05 0.84 0.02 0.05 0.00 0.01 0.04 0.03

fasted mean 23.18 13.51 0.29 0.53 0.28 0.09 0.04 0.15 0.49 0.44

SD 2.98 3.22 0.09 0.19 0.06 0.03 0.01 0.03 0.08 0.06

 p 0.00 0.00 0.02 0.31 0.00 0.05 0.00 0.00 0.00 0.00

Liver
 

fed mean 1071.92 262.84 23.84 81.58 6.25 10.15 1.05 0.77 6.57 5.41

SD 265.95 60.46 13.66 70.83 1.54 5.02 0.31 0.39 3.66 3.53

fasted mean 1318.07 179.65 24.39 11.45 6.17 5.97 3.45 4.82 16.97 13.73

SD 270.62 69.91 11.54 5.49 1.97 2.82 1.17 1.82 2.75 2.62

 p 0.04 0.01 0.92 0.01 0.92 0.03 0.00 0.00 0.00 0.00

Soleus
 

fed mean 2169.38 518.82 8.94 30.70 7.96 2.40 9.48 11.79 123.39 75.02

SD 281.78 132.94 3.64 13.18 4.35 0.50 4.12 5.12 74.97 45.85

fasted mean 1673.51 725.09 8.81 57.51 52.07 2.96 7.42 10.61 145.96 150.84

SD 254.00 88.19 2.54 9.56 17.65 1.32 1.34 1.93 57.77 68.69

 p 0.00 0.00 0.93 0.00 0.00 0.21 0.14 0.49 0.44 0.01

Gastroc- 
nemius
 

fed mean 1039.19 207.66 3.09 17.14 0.70 1.97 8.55 8.16 134.34 54.21

SD 148.62 39.22 1.34 5.85 0.23 1.18 3.76 3.60 56.31 22.66

fasted mean 884.00 193.43 2.80 25.05 3.10 2.33 10.02 12.99 196.64 171.78

SD 111.54 30.08 0.55 3.78 1.26 0.78 4.18 5.21 88.41 63.19

 p 0.01 0.35 0.52 0.00 0.00 0.42 0.40 0.02 0.07 0.00

Quadri-
ceps
 

fed mean 865.46 236.79 2.70 17.80 3.36 1.50 4.75 4.47 161.39 56.48

SD 120.74 40.46 0.44 4.87 1.23 0.74 1.15 1.26 78.26 28.03

fasted mean 650.85 197.76 2.80 22.77 11.08 1.56 6.10 8.66 210.61 143.88

SD 161.37 33.86 0.43 3.79 5.22 0.48 1.14 1.98 56.44 36.38

 p 0.00 0.02 0.60 0.02 0.00 0.83 0.01 0.00 0.11 0.00

WAT
 

fed mean 70.80 4.96 0.38 0.69 0.37 0.46 0.13 0.09 0.81 0.40

SD 22.64 3.05 0.24 0.30 0.23 0.22 0.09 0.05 0.47 0.32

fasted mean 113.61 14.29 1.11 1.43 1.07 0.89 0.34 0.22 1.52 1.02

SD 50.86 7.09 0.57 0.79 0.52 0.68 0.25 0.10 0.61 0.57

 p 0.02 0.00 0.00 0.01 0.00 0.07 0.03 0.00 0.01 0.01

BAT
 

fed mean 493.40 36.62 0.92 2.20 1.04 0.50 0.49 0.50 3.22 2.71

SD 287.12 21.06 1.20 1.26 0.61 0.38 0.18 0.23 1.27 0.60

fasted mean 1968.44 167.53 3.05 11.19 4.33 4.96 2.18 2.66 11.38 13.07

SD 1051.82 133.65 2.33 8.23 2.58 4.04 0.88 1.19 4.93 6.06

 p 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Heart
 

fed mean 4781.61 311.70 14.03 14.37 4.47 4.89 7.85 11.31 80.02 62.41

SD 2169.71 209.73 9.15 10.90 6.26 1.96 12.35 18.27 157.87 134.52

fasted mean 3258.49 655.09 16.43 18.63 35.11 5.98 16.89 26.48 102.90 109.02

SD 1176.71 367.32 8.09 8.20 25.82 3.21 17.32 25.99 96.61 102.63

 p 0.06 0.02 0.52 0.31 0.00 0.35 0.18 0.13 0.69 0.37
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Table S2 Individual Spearman’s correlations C4OH-carnitine in fasted mice

Table S2a. C4OH-carnitine correlations in fasted Bl6 mice

FASTED Bl6 BOHB C4OH 
PLASMA

C4OH 
LIVER

C4OH 
SOLEUS

C4OH 
GASTROC

C4OH 
QUAD

C4OH 
HEART

C4OH 
WAT

C4OH 
BAT

BOHB Corr. Coeff. 1.000 .243 .709* .882** .782** .591 .464 .127 .406

P . .471 .015 .000 .004 .056 .151 .709 .244

C4OH PLASMA Corr. Coeff. .243 1.000 -.028 .523 .216 .330 -.592 .110 -.324

P .471 . .936 .099 .524 .321 .055 .747 .361

C4OH LIVER Corr. Coeff. .709* -.028 1.000 .427 .527 .291 .436 .545 .503

P .015 .936 . .190 .096 .385 .180 .083 .138

C4OH SOLEUS Corr. Coeff. .882** .523 .427 1.000 .800** .627* .255 .036 .297

P .000 .099 .190 . .003 .039 .450 .915 .405

C4OH 
GASTROC

Corr. Coeff. .782** .216 .527 .800** 1.000 .709* .355 .300 .661*

P .004 .524 .096 .003 . .015 .285 .370 .038

C4OH QUAD Corr. Coeff. .591 .330 .291 .627* .709* 1.000 .064 -.045 .515

P .056 .321 .385 .039 .015 . .853 .894 .128

C4OH HEART Corr. Coeff. .464 -.592 .436 .255 .355 .064 1.000 -.018 .552

P .151 .055 .180 .450 .285 .853 . .958 .098

C4OH WAT Corr. Coeff. .127 .110 .545 .036 .300 -.045 -.018 1.000 .418

P .709 .747 .083 .915 .370 .894 .958 . .229

C4OH BAT Corr. Coeff. .406 -.324 .503 .297 .661* .515 .552 .418 1.000

P .244 .361 .138 .405 .038 .128 .098 .229 .

Correlation is significant at the 0.05 level (2-tailed).*

Correlation is significant at the 0.01 level (2-tailed).**

Table S2b. C4OH-carnitine correlations in fasted BALB mice

FASTED BALB BOHB C4OH 
PLASMA

C4OH 
LIVER

C4OH 
SOLEUS

C4OH 
GASTROC

C4OH 
QUAD

C4OH 
HEART

C4OH 
WAT

C4OH 
BAT

BOHB Corr. Coeff. 1.000 -.527 -.609* -.018 -.273 -.273 -.245 -.191 .382

P . .096 .047 .958 .417 .417 .467 .574 .247

C4OH PLASMA Corr. Coeff. -.527 1.000 .609* .624* .791** .627* .673* .391 -.664*

P .096 . .047 .040 .004 .039 .023 .235 .026

C4OH LIVER Corr. Coeff. -.609* .609* 1.000 .323 .591 .355 .545 .573 -.291

P .047 .047 . .332 .056 .285 .083 .066 .385

C4OH SOLEUS Corr. Coeff. -.018 .624* .323 1.000 .670* .743** .337 .191 -.533

P .958 .040 .332 . .024 .009 .311 .573 .091

C4OH 
GASTROC

Corr. Coeff. -.273 .791** .591 .670* 1.000 .709* .882** .364 -.436

P .417 .004 .056 .024 . .015 .000 .272 .180

C4OH QUAD Corr. Coeff. -.273 .627* .355 .743** .709* 1.000 .400 -.100 -.782**

P .417 .039 .285 .009 .015 . .223 .770 .004

C4OH HEART Corr. Coeff. -.245 .673* .545 .337 .882** .400 1.000 .509 -.264

P .467 .023 .083 .311 .000 .223 . .110 .433

C4OH WAT Corr. Coeff. -.191 .391 .573 .191 .364 -.100 .509 1.000 .164

P .574 .235 .066 .573 .272 .770 .110 . .631

C4OH BAT Corr. Coeff. .382 -.664* -.291 -.533 -.436 -.782** -.264 .164 1.000

P .247 .026 .385 .091 .180 .004 .433 .631 .

Correlation is significant at the 0.05 level (2-tailed).*

Correlation is significant at the 0.01 level (2-tailed).**
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Table S3 Individual Spearman’s correlations long-chain acylcarnitines in fasted muscle

Table S3a Correlations long chain acylcarnitines in muscle of fasted Bl6

FASTED Bl6 C16 SOLEUS C16 GASTROC C16 QUAD C18 SOLEUS C18 GASTROC C18 QUAD

C16 SOLEUS Corr. Coeff. 1.000 .282 .273 .945** .600 .600

P . .401 .417 .000 .051 .051

C16 GASTROC Corr. Coeff. .282 1.000 .764** .136 .773** .827**

P .401 . .006 .689 .005 .002

C16 QUAD Corr. Coeff. .273 .764** 1.000 .136 .573 .809**

P .417 .006 . .689 .066 .003

C18 SOLEUS Corr. Coeff. .945** .136 .136 1.000 .573 .527

P .000 .689 .689 . .066 .096

C18 GASTROC Corr. Coeff. .600 .773** .573 .573 1.000 .864**

P .051 .005 .066 .066 . .001

C18 QUAD Corr. Coeff. .600 .827** .809** .527 .864** 1.000

P .051 .002 .003 .096 .001

Correlation is significant at the 0.05 level (2-tailed).*

Correlation is significant at the 0.01 level (2-tailed).**

Table S3b Correlations long chain acylcarnitines in muscle of fasted BALB

C16 SOLEUS C16 GASTROC C16 QUAD C18 SOLEUS C18 GASTROC C18 QUAD

C16 SOLEUS Corr. Coeff. 1.000 .282 .091 .782** .355 -.127

P . .401 .790 .004 .285 .709

C16 GASTROC Corr. Coeff. .282 1.000 .773** .527 .945** .482

P .401 . .005 .096 .000 .133

C16 QUAD Corr. Coeff. .091 .773** 1.000 .245 .718* .809**

P .790 .005 . .467 .013 .003

C18 SOLEUS Corr. Coeff. .782** .527 .245 1.000 .709* .055

P .004 .096 .467 . .015 .873

C18 GASTROC Corr. Coeff. .355 .945** .718* .709* 1.000 .482

P .285 .000 .013 .015 . .133

C18 QUAD Corr. Coeff. -.127 .482 .809** .055 .482 1.000

P .709 .133 .003 .873 .133

 .

Correlation is significant at the 0.05 level (2-tailed).*

Correlation is significant at the 0.01 level (2-tailed).**
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