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Abstract

Very long-chain acyl-CoA dehydrogenase (VLCAD)-deficiency is the most common long-chain fatty acid oxidation disorder
presenting with heterogeneous phenotypes. Similar to many patients with VLCADD, VLCAD-deficient mice (VLCAD2/2)
remain asymptomatic over a long period of time. In order to identify the involved compensatory mechanisms, wild-type and
VLCAD2/2 mice were fed one year either with a normal diet or with a diet in which medium-chain triglycerides (MCT)
replaced long-chain triglycerides, as approved intervention in VLCADD. The expression of the mitochondrial long-chain acyl-
CoA dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD) was quantified at mRNA and protein level
in heart, liver and skeletal muscle. The oxidation capacity of the different tissues was measured by LC-MS/MS using acyl-CoA
substrates with a chain length of 8 to 20 carbons. Moreover, in white skeletal muscle the role of glycolysis and concomitant
muscle fibre adaptation was investigated. In one year old VLCAD2/2 mice MCAD and LCAD play an important role in order
to compensate deficiency of VLCAD especially in the heart and in the liver. However, the white gastrocnemius muscle
develops alternative compensatory mechanism based on a different substrate selection and increased glucose oxidation.
Finally, the application of an MCT diet over one year has no effects on LCAD or MCAD expression. MCT results in the
VLCAD2/2 mice only in a very modest improvement of medium-chain acyl-CoA oxidation capacity restricted to cardiac
tissue. In conclusion, VLCAD2/2 mice develop tissue-specific strategies to compensate deficiency of VLCAD either by
induction of other mitochondrial acyl-CoA dehydrogenases or by enhancement of glucose oxidation. In the muscle, there is
evidence of a muscle fibre type adaptation with a predominance of glycolytic muscle fibres. Dietary modification as
represented by an MCT-diet does not improve these strategies long-term.
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Introduction

Mitochondrial b-oxidation is one of the most important

processes for cellular energy production. The first oxidation step

of long-chain fatty acids (C14–20) is catalyzed by the very long-

chain acyl-CoA dehydrogenase (VLCAD). Fatty acids with chain

lengths of C6-C12 and C10-C16 are also oxidized by medium-

chain acyl-CoA dehydrogenase (MCAD) and long-chain acyl-CoA

dehydrogenase (LCAD), respectively. All three enzymes display

partial overlapping substrate specificity and share extensive

homology [1].

VLCAD-deficiency (VLCADD) is the most common long-chain

fatty acid oxidation disorder with a regional incidence between

1:30,000 and 1:100,000 [2–5]. Molecular heterogeneity in

VLCADD corresponds to heterogeneous clinical phenotypes [6].

Symptoms occur in organs and tissues with a high metabolic rate

such as liver, heart and skeletal muscle with different severity and

age of onset [4]. Situations of increased energy demand i.e.

prolonged fasting, infectious illnesses or physical exercise, when

the organism mostly relies on fatty acid b-oxidation, may trigger

the development of clinical symptoms and may cause serious

metabolic derangement. Typical symptoms are cardiomyopathy,

hepatopathy, hypoketotic hypoglycemia, muscle weakness and

episodic rhabdomyolysis [7,8]. As part of long-term treatment and

during catabolic situations, the application of sufficient carbohy-

drates and medium-chain triglycerides (MCT) is recommended to

bypass the first step of b-oxidation catalyzed by VLCAD supplying

tissues and organs with the required energy.

The VLCAD2/2 mouse represents an excellent model for the

investigation of VLCADD as it presents with a very similar clinical

phenotype than humans [9]. Under non-stressed conditions,

VLCAD2/2 mice display an altered calcium homeostasis [10]

as well as changes in key genes and proteins of fatty acid

metabolism in liver, heart and brown adipose tissue [11–13].

Moreover, as occurring in humans, fasting, cold exposure and

intensive physical exercise trigger the development of symptoms

resulting in the accumulation of long-chain acylcarnitines,

hypoglycaemia, hepatopathy and skeletal myopathy [14–18].

Similar to many patients with VLCADD, VLCAD2/2 mice

remain asymptomatic over long periods of time. In order to

identify the involved compensatory mechanisms, we assess the

expression at mRNA and protein level of the mitochondrial

dehydrogenases MCAD and LCAD. Because of the chain-length
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specificity only towards C4 and C6 acyl-CoA, short-chain acyl-

CoA dehydrogenase (SCAD) was not included in this study. The

investigations are conducted in heart, liver and skeletal muscle of

one year old VLCAD2/2 mice. Mitochondrial proliferation in

response to a defective fatty acid oxidation is measured in the

tissues by citrate synthase activity. Furthermore, the effect of

VLCAD deletion on the turnover rate of the other mitochondrial

acyl-CoA dehydrogenases is quantified by measuring the oxidation

capacity of the different tissues using a variety of acyl-CoA

substrates with a chain length of 8 to 20 carbons. In white skeletal

muscle glycolytic activity and the distribution of muscle fibre types

is determined. Finally, the assumed functional compensation due

to dietary intervention is analyzed in the same manner in heart,

liver and skeletal muscle of VLCAD2/2 mice supplemented over

one year with an MCT-modified diet.

Materials and Methods

Animals
Experiments were performed on fourth- to fifth-generation

intercrosses of C57BL6+129sv VLCAD genotypes. Littermates

served as controls and genotyping of mice was performed as

described previously [11]. Groups consisting of 5–7 mice, one year

old, were investigated under well-fed, non-fasting conditions. Mice

were sacrificed under well-fed conditions by CO2 asphyxiation.

Liver, heart and white skeletal muscle (gastrocnemius muscle) were

rapidly removed and immediately frozen in liquid nitrogen.

All animal studies were performed with the approval of the

Heinrich-Heine-University Institutional Animal Care and Use

Committee and in accordance with the Committees’ guidelines.

Approval of the Landesamt für Natur, Umwelt und Verbrau-

cherschutz (LANUV) (File number: 8.87–50.10.34.09.072).

Diet composition and supplementation
After weaning, at approx. 5–7 weeks of age, mice of each

genotype were divided in two groups and fed with different diets

for one year. The first group received a normal purified mouse diet

containing 5% crude fat in form of LCT, corresponding to 12% of

metabolizable energy as calculated with Atwater factors (ssniffH EF

R/M Control, ssniff Spezialdiäten GmbH, Soest, Germany). The

second group was fed with a diet corresponding as well to 12% of

total metabolizable energy. Here 4.4% from a total of 5% fat was

MCT (CeresHMCT-oil, basis GmbH, Oberpfaffenhofen, Ger-

many) while the remaining 0.6% was derived from soy bean oil to

provide the required essential long-chain fatty acids. Both diets

based on purified feed ingredients contained the same nutrient

concentration as follows: 94.8% dry matter, 17.8% crude protein

(N x 6.25), 5% crude fat, 5% crude fibre, 5.3% crude ash, 61.9%

nitrogen free extract, 36.8% starch, 14.8% dextrin and 11% sugar.

The detailed fatty acid composition of the diets was previously

reported [19]. In both diets the carbohydrate and protein contents

corresponded to 69% and 19% of metabolizable energy, re-

spectively. All mice groups received water ad libitum.

Tissue homogenates and protein expression
Tissues were homogenized with Cellytic MT Buffer (Sigma-

Aldrich, Steinheim, Germany) in the presence of 1mg*ml21

protease inhibitors and centrifuged at 4uC and 16,000 g for 10

min to pelletize any cell debris. The clear supernatant was

immediately used for the enzyme assays or stored at –80uC.
Protein concentration of tissue homogenates was determined using

the BSA method as described previously [20].

Protein expression in the different tissues was performed by

western blot analysis. 10–20 mg protein homogenate from tissue

lysate were separated on a gradient (4–12%) SDS polyacrylamide

gel and transferred to nitrocellulose. Detection was carried out

with anti MCAD antibodies (monoclonal mouse, Mitoscience) and

anti LCAD antibodies (polyclonal mouse, Abnova) used at a 1:1000

and 1:2000 dilution, respectively. Anti GAPDH (monoclonal

mouse, Applied Biosystems) was used as a loading control at

1:4000. HRP-conjugated secondary antibodies were used at

1:5000. Signals were detected and quantified with a LAS 3000

Luminescent Image Analyzer (Fujifilm, Germany).

Citrate synthase and catalase assay
Citrate synthase assay was performed in triethanolamine-HCl

buffer (100 mM, pH 8.0), 300 mM acetyl-CoA, 100 mM 5,59-

dithiobis-(2-nitrobenzoic acid) and 8 mg tissue homogenate. The

assay mixture was preincubated 10 min at 25 C before addition of

500 mM oxaloacetate as substrate. The activity was determined

photometrically by measuring the absorbance at 412 nm for 2

min. Catalase activity was measured fluorometrically by the

production of the highly fluorescent oxidation product resorufin

[21,22].

Acyl-CoA oxidation measured by LC-MS/MS
Acyl-CoA oxidation rate was measured with a variety of

saturated acyl-CoA substrates as reported previously [23].

Octanoyl (C8:0)-CoA, decanoyl, (C10:0)-CoA, dodecanoyl

(C12:0)-CoA, tetradecanoyl (C14:0)-CoA, palmitoyl (C16:0)-

CoA, stearoyl (C18:0)-CoA, and arachidoyl (C20:0)-CoA were

purchased from Sigma (Steinheim, Germany). Acyl-CoAs were

detected by LC-ESI-MS/MS in positive ionization mode accord-

ing to the published literature (ter Veld 2009) using following

modifications: spray voltage 4 kV, extractor 2 V, RF lens 1 V,

source temperature 120uC, desolvation temperature 325uC, cone
gas flow 60 L/h, desolvation gas flow 700 L/h, collision energy

35 V, dwell time 0.1 seconds. Following fragmentation ions

including their cone voltages were used for the selected reaction

monitoring (SRM) mode: C8-CoA-assay (894.2.387.2 for C8:0-

CoA, 892.2.385.2 for C8:1-CoA, 910.2.403.2 for C8:OH-CoA,

cone 25 V); C10-CoA-assay (922.5.415.2 for C10:0-CoA,

920.2.413.2 for C10:1-CoA, 938.2.431.2 for C10:OH-CoA,

cone 35 V); C12-CoA-assay (950.2.443.2 for C12:0-CoA, 948.2

. 441.2 for C12:1-CoA, 966.2.459.2 for C12:OH-CoA, cone 40

V); C14-CoA-assay (978.2.469.2 for C14:0-CoA, 976.2.469.2

for C14:1-CoA, 994.2.487.2 for C14:OH-CoA, cone 45 V); C16-

CoA-assay (1006.2.499.2 for C16:0-CoA, 1004.2.497.2 for

C16:1-CoA, 1022.2.515.2 for C16:OH-CoA, cone 45 V); C18-

CoA-assay (1034.2.527.2 for C18:0-CoA, 1032.2.525.2 for

C18:1-CoA, 1050.2.543.2 for C18:OH-CoA, cone 45 V); C20-

CoA-assay (1062.2.555.2 for C20:0-CoA, 1060.2.553.2 for

C20:1-CoA, 1078.2.571.2 for C20:OH-CoA, cone 45 V). The

experiments were carried out on a Quattro Micro tandem mass

spectrometer (Waters, UK) coupled with a 2795 Alliance HPLC

system (Waters, UK). The chromatographic conditions were as

follows: Phenomenex C18(2) Luna column (100 mm x2.0 mm

x3 mm), C18 security guard cartridges (463.0 mm), aqueous phase

consisted of 0.01 % ammonium hydroxide while the organic phase

of acetonitrile for C14-, C16-, C18- and C20-CoA-products and of

acetonitrile/2-propanol (v/v; 1/1) for C8-, C10-, and C12-CoA-

products. Aqueous phase percentages of the total mobile phase

were 60% for C8-, 40% for C10-, 60% for C12-, C14-, C16- and

70% for C18-and C20-CoA-products. 10 mL of the assay mixture

was injected and the products were eluted isocratically over

5 minutes at room temperature. Data acquisition and analysis

were performed by using the MassLynx Version 4.1 software

Tissue-Specific Compensation in VLCAD2/2 Mice
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(Waters, UK). Peak integration and calculation were carried out

with QuanLynx 4.1 software (Waters, UK).

Real Time PCR analysis
Total liver RNA was isolated with the RNeasy mini kit (Qiagen,

Hilden Germany). Forward and reverse primers for b-actin
(BC138614), peroxisome proliferative activated receptor gamma

coactivator 1 alpha (PGC1a; BC066868), pyruvate dehydrogenase

kinase isoenzyme 4 (PDK4 NM_013743), medium-chain acyl-CoA

dehydrogenase (ACADM; NM_007382), long-chain acyl-CoA

dehydrogenase (ACADL; NM_007381.3), peroxisome prolifera-

tive-activated receptor alpha (PPARa; NM_011144.6), troponin I

skeletal, slow 1 (Tnni1; NM_021467), troponin I, skeletal, fast 2

(Tnni2; NM_009405), troponin C, cardiac/slow skeletal (Tnnc1;

NM_009393), troponin C2, fast (Tnnc2; NM_009394) and

troponin T1, skeletal, slow (Tnnt1; BC141142), annotated in

Table 1, were designed with the FastPCR program (R. Kalendar,

Institute of Biotechnology, Helsinki). Real Time PCR was

performed in a single step procedure with the QuantiTect SYBR

GreenTM RT-PCR (Qiagen, Hilden, Germany) on an Applied

Biosystems 7500 Sequence Detection System in Micro Amp 96-

well optical reaction plates capped with MicroAmp optical caps

(Applied Biosystems, Foster City, CA, USA) as previously

described [24]. The values in all samples were normalized to the

expression level of the internal standard.

Statistical analysis
All reported data are presented as means 6 standard error of

the mean (SEM). n denotes the number of animals tested. Analysis

for the significance of differences was performed using Student’s t-

tests for paired and unpaired data. To test the effects of the two

variables, diet and genotype, two-way analysis of variance

(ANOVA) with Bonferroni post-test was performed. (GraphPad

Prism 5, GraphPad Software, San Diego California USA).

Differences were considered significant if p,0.05.

Results

Clinical phenotype
As shown in Table 2, under normal mouse diet no significant

differences were observed in mean body weights between the WT

and VLCAD2/2 group (24.6560.74 vs. 26.7060.93 g). After one

year supplementation with MCT, WT mice displayed a slight

increase in mean body weight (27.2561.52 g) although this

increment was not significant. We could not observe a similar

trend in VLCAD2/2 mice under the same dietary regimen

(26.5061.12 g).

Tissue mRNA expression of the b-oxidation genes
ACADM and ACADL
To determine the distribution of ACADM and ACADL, we

examined the expression pattern of these genes in the different

tissues of VLCAD2/2 mice by using RT-PCR. As shown in

Fig. 1, under control diet we observed in the VLCAD2/2 mice

a strong up-regulation of ACADM and ACADL in liver and heart

tissue as compared to WT mice, suggesting significant compen-

sation of long-chain fatty acid oxidation by MCAD and LCAD. A

similar increase in gene expression was not assessed in the skeletal

muscle. Because an MCT diet is mainly composed by C8 and C10

fatty acids [19], we expected a strong up-regulation of ACADM

and ACADL after MCT supplementation for one year. Indeed,

MCT effects could be seen in the liver of VLCAD2/2 mice and

WT mice, whereas the heart and skeletal muscle did not show any

enhancement on gene expression. However, ACADM was not up-

regulated in liver of VLCAD2/2 mice. In accordance with our

previously published data regarding the elongation of medium-

chain fatty acids as result of an MCT diet [14,17,19], we propose

that the elongated fatty acid is oxidize as demonstrated by an

increase in ACADL expression but cannot be shortened in sufficient

amount due to deletion of VLCADD.

Western blot analysis
To establish whether an up-regulation of ACADM and ACADL

at mRNA level corresponds to an increased protein synthesis, we

performed western blot analysis in liver, heart and skeletal muscle

homogenates. As shown in Fig. 2A–B, the expression of both

proteins did not differ between WT and VLCAD2/2 mice under

normal mouse diet. In contrast to the expression at mRNA level

after MCT supplementation the protein content of MCAD and

LCAD was not increased in both genotypes (Fig. 2C–D). In fact,

we observed a slight although not significant reduction of MCAD

and LCAD protein content in the liver and skeletal muscle of WT

and VLCAD2/2 mice.

Citrate synthase activity (CS)
The measurement of the citrate synthase activity under a normal

diet only revealed differences in heart homogenates with a turnover

Table 1. Primer used for RT-PCR analysis.

Gene Forward 59R39 Reverse 59R39

ACADM GAAAGTTGCGGTGGCCTTGG AAGCACACATCATTGGCTGGC

ACADL GGGAAGAGCAAGCGTACTCC TCTGTCATGGCTATGGCACC

PPARa GCTCTGTCATCACAGACACC CCTTCACATGCGTGAACTCC

PGC1a CAACATGCTAAGCCAAAC GGAGTTAGGCCTGCAGTTCC

PDK4 CCTGTCAGAGTTTGTAGACAC CAAAGGCATCTTGGACTACTG

Tnni1 ACGAACAGGTGCAGCCTTGC GCTCCGAGAGGTAACGCACC

Tnni2 CATGGACCTGAGGGCCAACC ACTGGATGTTGGGTGCTTCC

Tnnc1 AGGATGGCTGCATCAGCACC GAAGTCCACTGTGCCACTGC

Tnnc2 GCCAGCAACCATGACGGACC CCTCCTTTGGTGGGTGTCTGC

Tnnt1 CAAACCCAGCCGTCCTGTGG GCACGTGATGAGCGTCTGC

b-actin TAGGCACCAGGGTGTGATGG CTCCATGTCGTCCCAGTTGG

ACADM, medium-chain acyl-CoA dehydrogenase; ACADL, long-chain acyl-CoA
dehydrogenase; PGC1a, peroxisome proliferative activated receptor gamma
coactivator 1 alpha; PDK4, pyruvate dehydrogenase kinase isoenzyme 4; PPARa,
peroxisome proliferative activated receptor alpha; Tnni1, troponin I skeletal,
slow 1; Tnni2, troponin I, skeletal, fast 2; Tnnc1, troponin C, cardiac/slow skeletal
; Tnnc2, troponin C2, fast and Tnnt1, troponin T1, skeletal, slow.
doi:10.1371/journal.pone.0045429.t001

Table 2. Mean body weight of WT and VLCAD2/2 mice fed
either with LCT or MCT diet.

WT VLCAD2/2

LCT 26.6560.74 26.760.93

MCT 27.6561.52 26.5061.12

Body weights are expressed in gram (g) and are given as mean of mean 6 SEM
(n= 5–7).
doi:10.1371/journal.pone.0045429.t002

Tissue-Specific Compensation in VLCAD2/2 Mice
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rate significantly higher in VLCAD2/2 mice as compared to WT

mice (1214.34632.48 vs. 1364.48653.71 mU/mg) indicating an

increase in mitochondrial number. A higher energy supply as

provided by MCT led to a significant increase in CS specific

activity in the liver of WT mice and a slight although not

significant increase in the liver of VLCAD2/2 mice (Fig. 3A). The
increment was even more pronounced in heart tissue of both

genotypes as we observed a strong induction of CS activity, as

shown in Fig. 3B. Indeed, upon MCT diet we measured specific

cardiac activity values of 1717656.6 and 1710654.8 mU/mg in

WT and VLCAD2/2 mice, respectively, indicative of mitochon-

drial proliferation. A similar effect was also observed in the muscle

homogenate of WT mice, in contrast to a decreased CS activity in

muscle of VLCAD2/2 mice as they are not able to metabolize the

fatty acids supplied by MCT likely due to ready elongation

(Fig. 3.C). This finding suggests other strategies for energy

production than fatty acid oxidation in skeletal muscle.

Figure 1. mRNA expression of different dehydrogenases in mice fed either with an LCT or MCT diet. LCT, long-chain triglyceride; MCT,
medium-chain triglyceride; ACADM, medium-chain acyl-CoA dehydrogenase and ACADL, long-chain acyl-CoA dehydrogenase.Values are mean of
mean 6 SEM (n= 5–7). * indicates significant differences between WT and VLCAD2/2 mice within a diet group. # indicates significant differences
between WT or VLCAD2/2 mice under different dietary conditions. Values are considered significantly different if p,0.05 (Two way ANOVA and
Student’s t-test).
doi:10.1371/journal.pone.0045429.g001

Figure 2. Western blot analysis of different dehydrogenases in mice fed either with LCT or MCT diet. LCT, long-chain triglyceride; MCT,
medium-chain triglyceride; ACADM, medium-chain acyl-CoA dehydrogenase; ACADL, long-chain acyl-CoA dehydrogenase; GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase. Each lane represents pooled homogenates and contains 10 mg of liver / heart lysates and 20 mg of gastrocnemius muscle.
Pools are prepared with protein homogenates of n= 5–7 animals.
doi:10.1371/journal.pone.0045429.g002

Tissue-Specific Compensation in VLCAD2/2 Mice
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Effects of VLCAD-deficiency and MCT supplementation
on the oxidation of different acyl-CoA substrates in
different tissues
In order to gain more insight into the oxidation capacity of liver,

heart and skeletal muscle in VLCAD2/2 mice and to evaluate the

role of other enzymes with overlapping substrate specificities we

analyzed the oxidation of saturated acyl-CoAs with a chain length

of C8 to C20.

Liver

In the liver, the highest turnover rate was observed with C10-

CoA as substrate independently of the dietary regimen. Under

regular diet conditions VLCAD2/2 mice showed a significantly

lower turnover rate as compared to WT mice with C16-CoA as

substrate, however, sill about 80% of the rate in WT (C16-CoA;

22.460.8 vs 17.761.03 mU/mg). These data suggest a strong

contribution of C16-CoA oxidation by other enzymes than

VLCAD. All the other substrates were oxidized at the same rate

as in WT mice. After supplementation with an MCT diet over one

year, WT mice exhibited a significantly increased oxidation of

long-chain acyl-CoA (C14-C20) compared to mice under control

diet which may be attributed to the increased lipogenesis and

elongation of long-chain fatty acids (Fig. 4A) [14,17,19].

However, no effects occurred with respect to the substrate

oxidation in VLCAD2/2 mice upon MCT diet.

Heart. The substrate oxidation pattern of heart homogenates

slightly differed from that of the liver displaying overall lower

substrate affinity to medium-chain acyl-CoA (C8-C10). Upon

a control diet the turnover rate of most of the acyl-CoA was

comparable in both genotypes as shown in Fig 4B. Surprisingly,
C16-CoA oxidation was not reduced in VLCAD2/2 mice as

compared to WT mice suggesting complete compensation by

LCAD. However, we observed a significant decrease in oxidation

capacity in VLCAD2/2 mice up to 40% and 53% with C18-CoA

and C20-CoA, respectively, as substrate. Supplementation with

MCT for one year does not have significant effect on acyl-CoA

oxidation in VLCAD2/2 mice. Interestingly, both genotypes

presented with an increased turnover rate of C12-CoA with MCT.

Muscle. The very low content of fatty acid oxidation enzymes

in skeletal muscle as demonstrated by western blot analysis was

reflected by a reduced oxidation capacity in muscle homogenate in

parallel, in contrast to the other tissue lysates. As shown in

Fig. 4C, the turnover rate in VLCAD2/2 mice was for nearly all

acyl-CoA substrates significantly lower as compared to WT mice

suggesting little compensation by other dehydrogenases than

VLCAD. This effect was very striking when C16-CoA was used as

substrate, as the WT mice displayed a high activity of 17.761.07

vs 3.860.46 mU/mg in VLCAD2/2 mice. Although MCT

mainly comprises C8 and C10 fatty acids [19] that can be

metabolized by VLCADD, VLCAD2/2 mice fed with MCT for

one year still displayed a further reduction of C8-CoA oxidation as

compared to untreated mice suggesting that MCT is not an

alternative energy source long-term.

Figure 3. Citrate synthase activity in WT and VLCAD2/2 mice fed either with LCT or MCT diet. Tissues tested are (A) liver, (B) heart and (C)
skeletal muscle. Specific activity is expressed in mU/mg protein and is given as mean of mean 6 SEM (n= 5–7).* indicates significant differences
between WT and VLCAD2/2 mice within a diet group. # indicates significant differences between WT or VLCAD2/2 mice under different dietary
conditions. Values are considered significantly different if p,0.05 (Two way ANOVA and Student’s t-test).
doi:10.1371/journal.pone.0045429.g003

Tissue-Specific Compensation in VLCAD2/2 Mice
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Metabolic and morphological adaptation of skeletal
muscle in VLCAD2/2mice
Because of the low turnover rate of long- and medium-chain

acyl-CoAs in skeletal muscle of VLCAD2/2 mice we tested the

expression of genes regulating energy homeostasis and glucose

metabolism (Fig. 5). Under an LCT diet we observed an up-

regulation of PGC1a and PDK4 in VLCAD2/2 mice suggesting

energy deficiency. Since PGC1a regulates the switch to the

Figure 4. Oxidation rates in WT and VLCAD2/2 mice fed either with LCT or MCT diet. Oxidation rate was determined with straight-chain
acyl-CoA substrates. Tissues tested were (A) liver, (B) heart and (C) skeletal muscle. Oxidation is expressed in mU/mg protein and is given as mean of
mean 6 SEM (n=5–7).* indicates significant differences between WT and VLCAD2/2 mice within a diet group. # indicates significant differences
between WT or VLCAD2/2 mice under different dietary conditions. Values are considered significantly different if p,0.05 (Two way ANOVA and
Student’s t-test).
doi:10.1371/journal.pone.0045429.g004

Tissue-Specific Compensation in VLCAD2/2 Mice
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oxidative type I muscle fibres [25,26] we further investigated

whether this occurred in VLCAD2/2 mice. In fact, the troponin

genes Tnni1, Tnnc1 and Tnnt1 coding for the slow-twitch oxidative

type I fibres were strongly down-regulated, in contrast to the up-

regulation of Tnni2, Tnnc2 expressing the glycolytic type II fibres.

Upon MCT diet, also WT mice displayed a significant up-

regulation of PGC1a and PDK4 but no differences in the expression

of the troponin genes. In contrast, VLCAD2/2 mice presented

with a slighter but still significant up-regulation of Tnni1, Tnnc1

and Tnnt1 as compared to a regular LCT diet suggesting an initial

switch in the promotion of a predominantly oxidative fibre type I.

Discussion

In this study we demonstrate that VLCAD2/2 mice compen-

sate deficiency of VLCAD with different strategies in the different

tissues. Because mutants develop symptoms mainly during

catabolic situations and are asymptomatic during normal life

[14–16,18,19,27,28], we proposed to observe functional compen-

satory mechanisms [29,30] such as overexpression of dehydro-

genases with overlapping substrate specificity for medium and

long-chain fatty acyl-CoAs. In that, VLCAD2/2 mice displayed

a strong up-regulation of the mitochondrial acyl-CoA dehydroge-

nase (ACAD) mRNA transcripts in the liver and in the heart

suggestive of a signal response due to energy deficiency, while the

expression in the skeletal muscle was unaffected. However, despite

the pronounced up-regulation at mRNA level all analyzed tissues

of VLCAD2/2 mice do not express MCAD and LCAD at protein

level at a higher extent, indicating that the net amount of ACAD is

not influenced by deficiency of VLCAD. Of interest was the

finding that the ACAD content strongly differs within the tissues.

With special regard to the heart and skeletal muscle, the very

striking difference in ACAD expression can be explained by the

distinct physiological function of muscular fibre types [31–34]

linked to meet the specific energy requirement of the organs either

by fat or glucose [35–37]. In accordance with the measurement of

the citrate synthase activity, considered a suitable parameter for

the mitochondrial content [38,39], the high ACAD expression in

the heart reflects a higher efficiency in energy supply by fat and

a better adaptation to tissue-specific energy demand [35] whereas

the white skeletal muscle mostly relies on glycolysis that occurs in

cytoplasm.

LCAD protein which displays substrate overlap with VLCAD is

expressed in mice at high extent [40]. Our results on the turnover

rate with long-chain acyl-CoA substrates demonstrate that liver

and heart largely benefit from the high oxidation activity of

LCAD, although this enzyme is reported to catalyze mostly

unsaturated acyl-CoAs rather than saturated chains [40,41]. The

contribution of ACAD9 is minor since this enzyme is recently

described to possess different physiological functions than fatty

acid oxidation [42,43]. In addition to that, the expression of

PPARa and the specific activity of the peroxisomal catalase display

no genotype or diet dependent up-regulation in all analyzed

organs indicating that under resting condition the peroxisomal

support to acyl-CoA oxidation is not of relevance (Fig. S1). The
redirection of long-chain acyl-CoA oxidation via LCAD is an

efficient mechanism to avoid accumulation of toxic long-chain

acylcarnitines and energy deficiency especially under well-fed

resting conditions, as analyzed in this study. Nevertheless, in heart

homogenate the oxidation capacity with regard to substrate

affinity is mismatched between both genotypes. Indeed, the WT

mice displayed the highest substrate affinity to C18-CoA while

VLCAD2/2 mice to C16-CoA. A difference in the pattern of

substrate affinity based on acyl-CoA chain length between LCAD

and VLCAD has been already described for other species [41] and

our results in mice are also supported by the different accumu-

lating long-chain acylcarnitines in LCAD2/2 and VLCAD2/2

mice, respectively [40].

In strong contrast, skeletal muscle seems to be less sustained by

LCAD contribution and there is evidence of an alternative

compensatory strategy. A previous study with young VLCAD2/2

mice showed that the oxidation rate for C16-CoA was 50% of the

corresponding littermates [14]. However, in one year old

VLCAD2/2mice the turnover rate for C16-CoA and also for

medium-chain acyl-CoA is strongly reduced. The concomitant up-

regulation of genes encoding for type II glycolytic fibres suggests

that the muscle fibres undergo metabolic and structural modifi-

Figure 5. Substrate selection and gene expression of different muscle fibre types. LCT, long-chain triglyceride; MCT, medium-chain
triglyceride; PGC1a, peroxisome proliferative activated receptor gamma coactivator 1 alpha; PDK4, pyruvate dehydrogenase kinase isoenzyme 4;
Tnni1, troponin I skeletal, slow 1; Tnni2, troponin I, skeletal, fast 2; Tnnc1, troponin C, cardiac/slow skeletal; Tnnc2, troponin C2, fast; Tnnt1, troponin T1,
skeletal, slow. Values are mean of mean 6 SEM (n= 5–7). * indicates significant differences between WT and VLCAD2/2 mice within a diet group. #
indicates significant differences between WT or VLCAD2/2 mice under different dietary conditions. Values are considered significant if p,0.05 (Two
way ANOVA and Student’s t-test).
doi:10.1371/journal.pone.0045429.g005
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cation leading to increased glucose oxidation. Despite the switch

toward a different substrate to compensate VLCAD deletion, the

very high expression of PGC1a is indicative of metabolic stress

accompanied by inactivation of glycolysis in parallel, as reflected

by the up-regulation of PDK4 [44]. These observations suggest

that the compensatory mechanism based on adaptation in the

substrate selection in the long run may not be effective.

Medium-chain fatty acids as main components of an MCT diet

bypass the first step catalyzed by VLCAD and may be readily

oxidized by MCAD, supplying the organism with the required

energy. It is, therefore, surprising to observe that one year

supplementation of the diet does not change the ACAD protein

expression in both, WT and VLCAD2/2 mice. The oxidation rate

towards all used substrates, however, is increased in all analyzed

organs of WT mice. VLCAD2/2 mice do not reflect such

induction although an MCT diet would provide enough substrate

for energy production Whereas, it has to be considered that

dietary MCFA are mainly elongated and not primarily oxidized

[14,17–19]. The marked increase in the turnover rate of C12-CoA

in the heart reveals that both, LCAD and MCAD, must be

activated by posttranslational modifications as their expression at

protein level was unaffected by the diet despite evidence of

mitochondrial proliferation in parallel. Very recently, the activity

of LCAD has been described to be regulated by deacetylation in

a sirtuin mediated process [45]. This regulation is still unknown for

MCAD and VLCAD although a constantly growing number of

mitochondrial enzymes are described to be regulated in this

manner [46,47]. Based on our results with special respect to WT

mice, we suppose that not only LCAD but also MCAD may be

activated by deacetylation leading to a synergic activation and

resulting in a 30% higher turnover with C12-CoA as substrate in

heart homogenate.

In conclusion, we here show that the analyzed organs of one

year old VLCAD2/2 mice developed different strategies to

compensate deficiency of VLCAD. ACAD are not overexpressed

at protein level but their contribution to substrate oxidation

especially in the liver and heart is impressive. On the other hand,

the gastrocnemius muscle undergoes metabolic modification by

switch in muscle fibre type reflecting adaptation by enhanced

glucose oxidation. Furthermore, the application of an MCT diet

over one year has no effect on these strategies, but likely mediates

in the heart of VLCAD2/2 mice the activation of both, LCAD

and MCAD, via posttranscriptional modification.

Supporting Information

Figure S1 PPARa expression and catalase activity in WT
and VLCAD2/2 mice fed either with LCT or MCT diet.
Tissues tested were (A) liver, (B) heart and (C) skeletal muscle.

LCT, long-chain triglyceride; MCT, medium-chain triglyceride;

PPARa, peroxisome proliferative activated receptor alpha. Values

are mean of mean 6 SEM (n=5–). * indicates significant

differences between WT and VLCAD2/2 mice within a diet

group. # indicates significant differences between WT or

VLCAD2/2 mice under different dietary conditions. Values are

considered significant if p,0.05 (Two way ANOVA and Student’s

t-test).
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