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Summary

Peroxisomes are present in virtually every eukaryotic cell type with the exception of the 
mature erythrocyte. In higher eukaryotes, one of the main functions of peroxisomes is lipid 
metabolism by means of beta-oxidation of very long-chain fatty acids (VLCFA; ≥22 carbon 
atoms). A dysfunction in peroxisomal VLCFA beta-oxidation results in elevated VLCFA levels 
in cells, tissue and plasma. Here, we describe a straightforward and sensitive method to 
measure peroxisomal beta-oxidation capacity in living cells using stable-isotope labeled 
docosanoic acid (D

3
-C22:0).

1. Introduction

The importance of peroxisomal beta-oxidation is emphasized by the existence of a variety 
of different inheritable diseases in which peroxisomal beta-oxidation is impaired and VLCFA 
concentrations are increased1, 2. Peroxisomal disorders associated with elevated VLCFA 
levels can be categorized in two subgroups. 1) Single peroxisomal enzyme deficiencies, 
including X-linked adrenoleukodystrophy (ALD) and disorders caused by a defect in one 
of the peroxisomal beta-oxidation enzymes, such as peroxisomal acyl-CoA oxidase 1 
(ACOX1) deficiency and d-bifunctional protein (DBP, HSD1B4) deficiency; and 2) Peroxisome 
biogenesis disorders (PBDs) that are caused by a defect in the assembly of peroxisomes. 
Compared to normal controls, primary skin fibroblasts from ALD patients have a residual 
peroxisomal VLCFA beta-oxidation degradation capacity of ~15-25%3-5, whereas a complete 
deficiency is present in the vast majority of ACOX1, DBP/HSD1B4 or peroxisomal biogenesis 
disorder fibroblast cell lines3, 5. A deficiency in peroxisomal VLCFA β-oxidation results in a rise 
in the cytosolic VLCFA-CoA levels and subsequently in further fatty acid chain-elongation 
by ELOVL1, the VLCFA-specific elongase6. Here, we describe a very sensitive method using 
stable-isotope labeled docosanoic acid (D

3
-C22:0) for the assessment of the peroxisomal 

beta-oxidation capacity in living cells. The readout of the assay involves the measurement 
of D

3
-C16:0 (product of beta-oxidation), D

3
-C22:0 (substrate) and D

3
-C26:0 (product of fatty 

acid elongation). Peroxisomal beta-oxidation activity is expressed as the D
3
C16:0/D

3
C22:0 

ratio. De novo C26:0 synthesis is determined by analysis of the amount of D
3
-C26:0 formed 

from D
3
-C22:0.
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2. Materials

It is important to wear gloves during the entire procedure (see Note 1).
 

2.1 Cleaning of the glassware

All glassware (4 ml glass vials with screw tread (Alltech (98110)), glass tubes, glass calibrated 
volumetric flasks, glass graduated cylinder and beakers, etc.) used in the assay must be acid 
washed and prior to use be rinsed with chloroform containing 1% v/v acetic acid. The use 
of unrinsed glassware can result in a high background signal in the fatty acid measurement. 
Always use a new Teflon-coated insert (GRACE Davison Discovery Sciences (98164)) in the 
caps (Alltech 98614) of the 4 ml glass vials.
1 Prepare a 1% v/v acetic acid in chloroform solution. For example, add 300 µl acetic 

acid to 30 ml chloroform. Add 1 ml of this solution to each of the 4 ml glass vials and 
2-3 ml to the glass tubes with V bottom. Vortex mix for approximately 10 seconds so 
that the solution will cover the entire surface (this removes any fat (soap) that may still 
be present in the glassware). Discard the solution and air-dry the glassware by placing 
it upside down on a paper towel.

2 Add a new Teflon-coated insert to the caps of the 4 ml glass vials.

2.2 Cell culture medium

Cells are cultured in Dulbecco’s modified Eagle medium (DMEM) high glucose (4.5 g/L) with 
L-glutamine supplemented with 10% fetal bovine serum, 25 mM HEPES, 100 U/ml penicillin, 
100 µg/ml streptomycin and 0.25 µg/ml fungizone (see Note 2).
1 Add to 500 ml DMEM:

•	 55 ml fetal bovine serum 
•	 12.5 ml 1 M HEPES
•	 5 ml penicillin/streptomycin/fungizone (stock is 10,000 U/ml penicillin, 10,000 μg/

ml streptomycin and 25 μg/ml fungizone)
The culture medium can be stored at 4°C for up to 4 weeks.

2.3 Preparation of a 6 mM D
3
-C22:0 solution used for the incubation of the cells

1 Make a 6 mM docosanoic-22,22,22-D
3 

acid (D
3
-C22:0, CDN-isotopes D-5708) stock 

solution in DMSO. The molecular weight of D
3
-C22:0 is 343.61 g/mol. Weigh 6.18 mg D

3
-

C22:0 in a rinsed 4 ml glass vial and add 3 ml DMSO. Vortex mix the solution and heat it 
underneath warm tap water for a few seconds. Repeat these steps until all the D

3
-C22:0 

is dissolved.
The D

3
-C22:0 stock solution can be stored at room-temperature for up to 2 years. Always 

vortex mix the solution before use. If the solution is not clear, repeat the dissolving procedure.
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2.4 Solutions for the VLCFA analysis

2.4.1 Internal standard

1 Make stock solutions for C17:0 (this is used as the internal standard for D
3
-C16:0), D

4
-

C22:0 (this is used as the internal standard for D
3
-C22:0), D

4
-C24:0 (this is used as the 

internal standard for D
3
-C24:0) and D

4
-C26:0 (this is used as the internal standard for 

D
3
-C26:0) in toluene. For each fatty acid stock solution weigh the amount of fatty acid 

as indicated in Table 1 into a rinsed calibrated 10 ml glass volumetric flask. 
2 Add 5 ml toluene and mix by swirling the flask until a clear solution is obtained. 
3 When the fatty acids are dissolved, add toluene to a final volume of 10 ml and mix by 

inverting the flask for approximately 10 times.
4 Use these stock solutions to make the internal standard working solution with final 

concentrations of 100 µM C17:0, 50 µM D
4
-C22:0, 50 µM D

4
-C24:0 and 5 µM D

4
-C26:0.

5 In a single rinsed calibrated 100 ml glass volumetric flask combine the following 
amounts of the internal standard stock solutions: 

6 2.5 ml of the 4 mM C17:0 stock solution
7 2.5 ml of the 2 mM D

4
-C22:0 stock solution

8 2.5 ml of the 2 mM D
4
-C24:0 stock solution

9 1 ml of the 0.5 mM D
4
-C26:0 stock solution

10 Add 50 ml toluene and mix by swirling the flask. Add toluene to a final volume of 100 
ml and mix by inverting the flask for approximately 10 times.

11 Store the internal standard stock solutions and the internal standard working solution 
at 4°C up to 5 years. It is important to remove the solutions from the fridge and let 
them warm to room temperature before use.

Table 1: Preparation of the stock solutions for the internal standard.

Fatty 
acid Systematic name

Firm 
(cat. nr)

Mw (g/
mol)

mg/ml 
(1 mM)

Final 
concen-
tration
(mM)

Amount
(mg)

Toluene 
(ml)

C17:0 Heptadecanoic acid Sigma-
Aldrich 
(H3500)

270.45 0.27045 4 10.818 10

D
4
-C22:0 Docosanoic-12,12,13,13-D

4 
acid C/D/N 

Isotopes 
(D-6138)

344.58 0.34458 2 6.892 10

D
4
-C24:0 Tetracosanoic-12,12,13,13-D

4 
acid C/D/N 

Isotopes 
(D-6168)

372.64 0.37264 2 7.453 10

D
4
-C26:0 Hexacosanoic-12,12,13,13-D

4 
acid C/D/N 

Isotopes 
(D-6145)

400.69 0.40069 0.5 2.003 10
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2.4.2 Calibration curve

1 Make stock solutions of C16:0, C22:0, C24:0 and C26:0. For each fatty acid weigh 
the amount of fatty acid as indicated in Table 2 into a rinsed calibrated 25 ml glass 
volumetric flask.

2 Add 10 ml of toluene and mix by swirling the flask. 
3 Add toluene to a final volume of 25 ml and mix by inverting the flask (approximately 

10 times).
4 Use these stock solutions to make the calibration curve working solution with final 

concentrations of 50 µM C16:0, 10 µM C22:0, 25 µM C24:0 and 1 µM C26:0. 
In a single rinsed calibrated 100 ml glass volumetric flask combine the following amounts of 
the stock solutions: 
•	 1 ml of the 5 mM C16:0 stock solution
•	 0.4 ml of the 2.5 mM C22:0 stock solution
•	 0.625 ml of the 4 mM C24:0 stock solution
•	 0.1 ml of the 1 mM C26:0 stock solution
Add 50 ml of toluene and mix by swirling the flask. Add toluene to a total volume of 100 ml 
and mix by inverting the flask (approximately 10 times).
5 Store the calibration curve stock solutions and the calibration curve working solution 

at 4°C up to 5 years. It is important to remove the solutions from the fridge and let 
them warm to room temperature before use.

Table 2: Preparation of the fatty acid stock solutions for the calibration curve.

Fatty acid
Systematic 
name Firm (cat. nr)

Mw 
(g/mol)

mg/ml 
(1 mM)

Final 
concentration
(mM)

Amount
(mg)

Toluene 
(ml)

C16:0 Hexadecanoic 
acid

Merck-Millipore
(800508)

256 0.256 5 32 25

C22:0 Docosanoic 
acid

Brunschwig 
(10-2200-16)

340 0.34 2.5 21.25 25

C24:0 Tetracosanoic 
acid

Sigma-Aldrich 
(L6641)

368 0.368 4 36.8 25

C26:0 Hexacosanoic 
acid

Sigma-Aldrich 
(H0388)

396 0.396 1 9.9 25

2.4.3 Acid hydrolysis reagent

The acid hydrolysis reagent is an acetonitrile/37% hydrochloric acid (4:1, v/v) solution. Prepare 
1 ml per sample. For example: pour 40 ml acetonitrile to a rinsed 50 ml volumetric cylinder 
and add 10 ml 37% hydrochloric acid. This solution cannot be stored and must be prepared 
freshly each time the assay will be performed.
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2.4.4 Final sample solution

The final sample solution consists of chloroform/methanol/de-ionized water/25% ammonia 
with a ratio of 50:45:5:0.01 (v/v/v/v). Use a rinsed glass flask to store the solution. Add 50 ml 
chloroform, 45 ml methanol, 5 ml de-ionized water and 10 μl 25% ammonia to the flask. This 
solution can be stored at room temperature for 2 years.

3. Methods

3.1 Cell culture

1 Culture fibroblasts at approximately 40% confluency in T75 tissue culture flasks and 
maintain the cells at 37˚C in a humidified atmosphere at 5% CO

2
 overnight.

2 Next day, prepare tissue culture medium with a final concentration of 30 µM D
3
-C22:0. To 

this end, dilute the 6 mM D
3
-C22:0 stock solution 200x in preheated 37°C tissue culture 

medium (the final DMSO concentration will be 0.5%, which does not affect cell growth 
significantly). Calculate the total volume needed (amount of samples x 10 ml) + 2 ml 
(input medium, which is used as an extra control to determine the exact concentration 
of D

3
-C22:0 that is used in the assay). 

3 For the incubation, remove the tissue culture medium from the cells and replace it with 
10 ml tissue culture medium containing the 30 µM D

3
-C22:0.

4 Store the 2 ml of the input medium at -20°C for later use.
5 Incubate the cells for 72 hours at 37˚C in a humidified atmosphere at 5% CO

2.

3.2 Preparation of the homogenates 

1 Remove the tissue culture medium from the flasks and wash the cells twice with ~5 
ml PBS. Remove all the PBS from the cells.

2 Harvest the cells by adding 1 ml of trypsin to each flask and incubate for approximately 
5 minutes. Tap against the flask in order to detach the cells from the bottom of the 
culture flask. Use the microscope to verify that all cells are detached from the culture 
flask.

3 Add 7 ml tissue culture medium and transfer the cell suspension to a disposable 
centrifuge tube. Centrifuge for 5 minutes at 1500 rpm at 4⁰C.

4 Discard the tissue culture medium from the cell pellet and add 5 ml PBS to the cell 
pellet. Vortex mix to resuspend the cell pellet and centrifuge for 5 minutes at 1500 
rpm at 4°C. 

5 Discard the PBS from the cell pellet and resuspend the cell pellet in 1 ml PBS. Transfer 
the cell suspension to a 1.5 ml Eppendorf tube and centrifuge for 5 minutes at 13,000 
rpm at 4°C.
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6 Discard the PBS from the cell pellet and add 200 µl de-ionized water to the cell pellets. 
Keep the samples on ice.

7 Homogenize the cell pellets by sonication with a needle on ice for 12 seconds at 7-8 
Watt.

8 Determine the protein concentration (for example Pierce BCA protein assay or 
Bradford assay).

3.3 Sample preparation for VLCFA measurement

1 For each sample, add 150 µg protein to a rinsed 4 ml glass vial. In a separate rinsed 4 
ml glass vial add 100 µl of the input medium.

2 For calculation of the fatty acid concentrations make a five-point calibration curve. 
Add 0, 25, 50, 100 and 200 µl of the calibration curve working solution (C16:0, C22:0, 
C24:0, C26:0) to individual rinsed 4 ml glass vials.

3 Add 100 µl internal standard working solution (C17:0, D
4
-C22:0, D

4
-C24:0, D

4
-C26:0) to 

all samples, including the calibration curve and the input medium.
4 Add 1 ml acid hydrolysis reagent to all samples. Close the vials with the screw caps 

with a new Teflon-coated insert and incubate for 2 hours at 90˚C.
5 Remove the samples from the incubator and allow them to cool to room temperature. 

For extraction of the free fatty acids, add 2 ml hexane, vortex mix for approximately 10 
seconds and centrifuge for 1 minute at 3,000 rpm at room temperature. 

6 A phase separation will occur. The upper phase contains the free fatty acids. Transfer 
approximately 75% of the upper phase with a glass Pasteur capillary pipette to a clean 
glass tube with a V bottom. Do not transfer any of the intermediate and lower phase, 
because this will extremely disturb the analysis! In case some of the intermediate 
or lower phase is taken accidently, put the whole sample back into the vial and 
centrifuge again for 1 minute at 3,000 rpm. 

7 Evaporate the hexane under a constant stream of nitrogen at room temperature.
8 Add 150 µl of the final sample solution. Vortex mix and transfer the sample to an 

autosampler vial and close the vial with a cap. The samples can be stored at -20˚C 
until the analysis.

9 Samples are analyzed by electrospray ionization mass spectrometry (ESI-MS) 7. This 
procedure is not included in this protocol as it greatly depends on the ESI system that 
is available. 

3.4 Calculation of the fatty acid concentration

For the calculation of fatty acid concentrations in patient and control samples a five-point 
calibration curve is made for C16:0 (used for the calculation of concentration of D

3
-C16:0), 
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C22:0 (for D
3
-C22:0) and C26:0 (for D

3
-C26:0). Here we present an example for the calculation 

of the D
3
-C16:0 concentration in an experiment with human primary fibroblast cell lines 

from 2 controls and 2 ALD patients. From the ESI-MS data we extract the peak-heights for 
the analytes (Table 3): in this example we limit this to C17:0 (the internal standard for D

3
-

C16:0), C16:0 (for the calibration curve), D
3
-C16:0 (the product of peroxisomal beta-oxidation). 

From this the ratio C16:0/C17:0 can be calculated. The concentration of C16:0 (in nmol) used 
for the generation of the calibration curve can be calculated. The C16:0 concentration in the 
calibration working solution is 50 µM. For the generation of the calibration curve we added 
0, 25, 50, 100 and 200 µl of the calibration curve working solution, which results in 0, 1.25, 
2.5, 5 and 10 nmol C16:0. The concentration of C16:0 (X, in nmol) is now plotted against the 
C16:0/C17:0 ratio (Y) (Fig. 1) and a trend line (Y=aX) is generated (standard option in Excel). In 
our example it is Y=0.1194X. This formula is used to calculate the D

3
-C16:0 concentration in 

the human fibroblast cell line samples. 
From the ESI-MS data we extract the peak-heights for D

3
-C16:0 and C17:0 from the 2 control 

and ALD patient samples (Table 4).
The D

3
-C16:0 concentration (X in nmol/mg protein) produced in the control and ALD patient 

fibroblast samples can be calculated with the Y=aX formula (X=(Y/a)/mg protein). The 
amount of protein used in the VLCFA assay is 0.15 mg. For control 1 the calculation would 
be: X=(0.5111/0.1194)/0.15 = 28.54 nmol/mg protein.

Table 3: Peak heights for C16:0 and C17:0 from the calibration curve samples.

Analyte Calibration 
0 µl

Calibration 
25 µl

Calibration 
50 µl

Calibration 
100 µl

Calibration 
200 µl

C16:0 105300000 217300000 349500000 504500000 716800000

C17:0 1106000000 1016000000 969300000 818500000 617500000

C16:0/C17:0 0.095 0.214 0.361 0.616 1.161

Figure 1. 
Calibration curve for C16:0 is generated by plotting the C16:0 concentration (in nmol) against the 
C16:0/C17:0 ratio. The trendline is used to calculate fatty acid concentrations in the experimental 
samples. 
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Table 4: Peak heights for D
3
-C16:0 and C17:0 from the control and ALD primary fibroblast 

experiment.

Metabolite Control 1 Control 2 ALD 1 ALD 2

D
3
-C16:0 186100000 185600000 66800000 72040000

C17:0 364100000 374200000 366800000 364000000

D
3
-C16:0/C17:0 (Y) 0.5111 0.4960 0.1821 0.1979

nmol/mg protein 28.54 27.69 10.17 11.05

3.5 Interpretation of the results 

The activity of peroxisomal beta-oxidation in intact cells is determined by measuring the 
formation of D

3
-hexadecanoic acid (D

3
-C16:0) from D

3
-docosanoic acid (D

3
-C22:0) present 

in nmol/mg of protein. Peroxisomal beta-oxidation activity is expressed as the D
3
C16:0/

D
3
C22:0 ratio (Fig. 2A).

Furthermore, elongation of D
3
-C22:0 to D

3
-C26:0 is enhanced in cell lines derived from 

patients with a defect in peroxisomal beta-oxidation3, 5, 8. A deficiency in peroxisome beta-
oxidation results in higher cytosolic VLCFA-CoA ester levels, which are used for chain-
elongation to even longer fatty acids6. Therefore, the level of D

3
-C26:0 synthesized from 

D
3
-C22:0 is also determined. De novo C26:0 synthesis is measured as the level of D

3
-C26:0 

(nmol/mg protein) produced from D
3
-C22:0 (Fig. 2B). 

Figure 2. 
Peroxisomal VLCFA beta-oxidation and de novo C26:0 synthesis activity in human primary skin 
fibroblasts from controls (n = 36), male ALD patients (n = 44), peroxisomal biogenesis disorder (PBD) 
and ACOX1/DBP patients (n = 16). (A) Peroxisomal beta-oxidation activity is expressed as the D

3
-C16:0 

(product) over D
3
-C22:0 (substrate) ratio. (B) De novo D

3
-C26:0 synthesis is expressed as the level of 

D
3
-C26:0 (nmol/mg protein) produced from D

3
C22:0. Data are the mean ± SD. ***P <0.001 by unpaired 

student’s t-test.
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4. Notes

1 1It is important to wear gloves during the entire procedure. In addition to standard 
safety procedures for working with chemicals, wearing gloves prevents contamination 
with fatty acids coming from your hands (skin cells, soap, etc.). While one may argue 
that this contamination should be non-existent because stable-isotope labeled fatty 
acids are used, this fatty acid analysis method is also used to measure endogenous 
fatty acids, ranging from C14:0 to C30:0 for diagnostic purposes7.

2 The assay can be performed in other types of tissue culture media as well (e.g. 
Ham’s/F-10, RPMI, etc.). But it should be noted that the composition of the tissue culture 
medium affects the peroxisomal beta-oxidation activity and thereby the outcome of 
the results. Therefore, it is important to start with a series of normal controls, ALD and 
PBD cells to assess the peroxisomal beta-oxidation results in these cells. For example, 
endogenous C26:0 levels are 1.5 fold higher in cells cultured in DMEM compared to 
cells cultured in Ham’s/F-10 (Compare Fig. 1 and 2 in Engelen et al 9).
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