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2-Monochloropropane-1,3-diol fatty acid esters (2-MCPDE), 3-monochloropropane-1,2-diol fatty acid esters (3MCPDE), and glycidol fatty acid esters (GE) are known for their occurrence in vegetable oils, but little is known
about their occurrence in oils from marine origin which are often consumed for their proportionally high levels of
polyunsaturated fatty acids. A total of 52 samples of supplements entirely or partly based on marine oils orig
inating from fish (liver), algae and krill were investigated. The samples were purchased in 2018 and 2020 from
stores in the Netherlands and online, and were analyzed by GC-MS/MS. Mean (and median) concentrations of 3MCPDE, 2-MCPDE and GE were 1431 (365), 225 (72) and 261 (140) μg/kg oil. Highest levels were observed in
fish oil, and lowest levels in krill-based oils. Concentrations of 2-MCPDE were on average 5.8 times lower than of
3-MCPDE. Besides some exceptions, concentrations of the analytes were lower in 2020 than in 2018. Several
samples from 2018 and one sample from 2020 exceeded the current EU maximum limits. Exposure estimates
show that consumption of the supplements contributes to exposure to the process contaminants, but in itself is
below the Tolerable Daily Intake (TDI) established for 3-MCPDE by the European Food Safety Authority (EFSA).
This study shows that marine oil supplements are contaminated by these compounds, and efforts should be made
by industries to control or even lower the levels.

1. Introduction
2-Monochloropropane-1,3-diol fatty acid esters (2-MCPDE), 3-mono
chloropropane-1,2-diol fatty acid esters (3-MCPDE), and glycidol fatty
acid esters (GE) are process contaminants that can be generated under
high temperature conditions applied in the refining of oils and fats.
Occurrence of these contaminants has been reported in refined oils and
fats of various sources, with the highest concentrations reported in palm
oils and fats. As a consequence, these contaminants are also present in
food products containing these oils and fats as ingredient, as well as free
MCPDs that can be formed in some processed foods (Becalski, Zhao,
Feng, Lau, & Zhao, 2015; Cheng, Liu, Wang, & Liu, 2017; Kuhlmann,
2016; Macmahon, Begley, & Diachenko, 2013).
2-MCPDE, 3-MCPDE and GE are mainly formed during processing of
the (crude) oils in refining processes where the oils are treated at
elevated temperatures for an extended amount of time. Mechanisms of
formation of 2-MCPDE, 3-MCPDE, and GE differ. Šmidrkal et al. (2016),
Destaillats, Craft, Sandoz, and Nagy (2012), and Hamlet et al. (2011)
show the important role of chlorine as precursor element, and cyclic
acyloxonium ion reaction intermediates in the formation of 3-MCPDE

and 2-MCPDE. GE is formed at high temperatures via an intra
molecular rearrangement that does not involve chlorine or chlorine
precursors (Cheng et al., 2017; Cheng, Liu, & Liu, 2016; Destaillats,
Craft, Dubois, & Nagy, 2012).
In recent years, 2-MCPDE, 3-MCPDE and GE received great attention
after the publication of a report of the Joint FAO/WHO Expert Com
mittee on Food Additives (JECFA) meeting in 2016, and the scientific
opinions of the European Food Safety Authority (EFSA) in 2016 and
2018 on these substances (EFSA CONTAM Panel, 2016; EFSA CONTAM
Panel et al., 2018; JECFA, 2017). After ingestion, 3-MCPDE and GE are
efficiently hydrolyzed to free 3-MCPD and glycidol, respectively, and the
toxicity of the esters are therefore considered to be equivalent to their
respective free forms. Based on the EFSA evaluations, the main target
organs of 3-MCPD appear to be kidney and testes, and renal tubular
hyperplasia in male rats was used as critical effect to establish the
tolerable daily intake (TDI) of 2.0 μg/kg bw per day for 3-MCPD and its
esters (EFSA CONTAM Panel, 2016; EFSA CONTAM Panel et al., 2018).
The toxicity of 3-MCPD appears to be driven by the formation of its
metabolites β-chlorolactaldehyde and β-chlorolactic acid. Based on the
exposure data available, it was estimated that infants receiving formula
only, and high consumers in younger age groups are at risk of exceeding
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2. Materials & methods

Abbreviations

2.1. Materials

2-MCPDE 2-monochloropropane-1,3-diol fatty acid esters
3-MCPDE 3-monochloropropane-1,2-diol fatty acid esters
EFSA
European Food Safety Authority (EFSA)
GE
glycidol fatty acid esters
JECFA
Joint FAO/WHO Expert Committee on Food Additives
LB
lower bound
LOD
limit of detection
LOQ
limit of quantification
MCPD
monochloropropane diol
ML
maximum limit
TDI
tolerable daily intake
UB
upper bound

2.1.1. Samples
The samples were purchased from various on-line and physical stores
based in the Netherlands. The sample details, including recommended
daily dose are provided in the Supplemental Material. Store names and
product names are anonymized. The first group of samples was pur
chased in 2018, and in 2020 another group of samples was purchased. In
some cases, the same products (but different product batches) were
purchased in both years, in order to determine if levels vary in the same
product, among these years. In a few cases also different batches of the
same product were purchased in one year. Some of the purchased
products are marketed specifically for young children or stated to be
suitable for children (see Supplemental Material).
2.1.2. Reagents
Tetrahydrofuran, anhydrous; iso-octane, analytical grade; ethyl
acetate, analytical grade, n-heptane, analytical grade; acetone, analyt
ical grade; toluene, analytical grade; sulfuric acid (purity ≥95%);
sodium hydrogen carbonate (purity≥ 99%); sodium sulfate (purity
≥99%); phenylboronic acid (purity ≥97%); sodium bromide (purity
≥99.5%), all reagents upon were purchased from Sigma-Aldrich. Ultrapure water obtained from a Millipore Milli-Q purification system (Mil
lipore Co., Bedford, MA, USA). 1,2,3,4-tetrachloronaftale (1,2,3,4-TCN)
was obtained from Dr. Ehrenstorfer (Augsburg, Germany).
3-Chloro-1,2-propanediol-dipalmitate [PP-3-MCPD] (>99.5%, CAS:
51930-97-3),
2-chloro-1,3-propanediol-dipalmitate
[PP-2-MCPD]
(>99.5%, CAS: 169471-41-4), and glycidyl palmitate [Gly-P] (99.9%,
CAS: 7501-44-2) were all purchased from Chiron AS (Trondheim, Nor
way). The stock solutions of 1 mg/mL in toluene were prepared for those
three native standards PP-3-MCPD, PP-2-MCPD, and Gly-P.
3-Chloro-1,2-propanediol-dipalmitate-d5 [PP-3-MCPD-d5] (1.0 mg/
mL in Toluene) (99.5%, CAS: 1185057-55-9), 2-Chloro-1,3-propanedioldipalmitate-d5 [PP-2-MCPD-d5] (1.0 mg/mL in Toluene) (>99.5%,
CAS: 1426395-62-1), and glycidyl palmitate-d5 [Gly-P-d5] (1.0 mg/mL
in Toluene) (99.9%, CAS: 1794941-80-2) were purchased from Chiron
AS (Trondheim, Norway), supplied by Campro Scientific (Veenendaal,
The Netherlands).

the TDI. The limited data available for 2-MCPD and 2-MCPDE suggest
that the toxicokinetics and therefore mode of action differ from 3-MCPD,
and no health-based guidance value could be established for 2-MCPD
due to insufficient toxicity data. Unlike for 2-MCPD and 3-MCPD,
there is strong evidence for glycidol to be genotoxic and carcinogenic.
The margins of exposure for glycidol, which were particularly low for
infants, toddlers and children indicate a health concern (EFSA CONTAM
Panel, 2016).
Several maximum limits (MLs) have been set by the European
Commission (EC) for GE in vegetable fats and oils, marine oils and baby
food (e.g. infant formulae). MLs were also set in the same foods for the
sum of 3-MCPD and 3-MCPDE. Most research has focused on the for
mation and presence of these contaminants in vegetable oils and fats,
and baby food, but recently some studies showed that these contami
nants can also be formed in oils from other sources. One of these sources
are marine oils, including fish oils. These are often heavily processed in
order to achieve the desired quality and safety specs for application in
infant formulae, foods and supplements. This processing may include
treatment with adsorbent (e.g. granulated activated carbon) and heat
treatment (e.g. distillation). An undesired side-effect of this heat treat
ment can be the formation of MCPDEs and GE. Merkle et al. (2017)
showed that MCPDEs and GE may be formed during deodorization of
fish oils at high temperatures, and they found substantially higher levels
in refined fish oils, compared to crude fish oils. On the other hand,
environmental pollutants like polychlorinated biphenyls (PCBs) and
polychlorinated dibenzo-p-dioxins and -furans (PCDD/Fs) were much
lower in refined oils.
Food supplements are a popular source of fish oils, but these may be
contaminated by these process contaminants. A recent study by Sado
wska-Rociek (2020) investigated food supplements based on fish oils
from different species, and found high levels of 112-3036 μg/kg for
3-MCPDE, <LOD-1144 μg/kg for 2-MCPDE and <LOD-366 μg/kg for
GE. Jedrkiewicz, Głowacz, Gromadzka, and Namie (2016) report
approximately 1500–5500 μg/kg 3-MCPDE, and approximately
100–400 μg/kg 2-MCPDE in 5 fish oil samples from the Polish market.
Kuhlmann (2011) determined 3-MCPDE in salmon oil dietary supple
ments at the range of 700–1300 μg/kg and 2-MCPDE in the range of
100–2300 μg/kg. Apart from these studies, there is little information on
these contaminants in commercially available food supplements con
taining fish oil. Moreover, to the best of our knowledge, no studies were
published on food supplements containing oils from other marine or
ganisms, including krill and algae oil. To address these knowledge gaps,
we have conducted a study on 2-MCPDE, 3-MCPDE, and GE in food
supplements made of marine oils, including fish, krill and algae oils. The
data provided in this study can be used for exposure and risk assessment
and may provide guidance for industries towards (further) purification
of marine oils applied in food supplements.

2.2. Analytical determinations
Analysis of the oil samples for the concentrations of 2-, 3-MCPDE,
and GE were performed using a modified AOCS Cd29a-13 method
(Ermacora & Hrncirik, 2013). This method is designed to analyze the
sum of all 2-MCPDE, expressed as 2-MCPD, all 3-MCPDE expressed as
3-MCPD, and all GE expressed as glycidol. Some modifications to the
AOCS Cd29a-13 method were made to improve the accuracy and
sensitivity of the method. The modifications concerned the addition of a
separate, third internal standard for 2-MCPDE (1,3-dipalmitoyl-2-
chloropropanediol-d5; PP-2-MCPD-d5; CAS: 1426395-62-1) and the
implementation of a multiple reaction monitoring (MRM) MS-mode for
the PBA derivatives of 2-MCPD, 3-MCPD, 2-MBPD, and 3-MBPD. Anal
ysis was performed on an Agilent 7010B Triple Quadrupole GC-MS
system (Agilent, USA) with an Agilent DB-35MS UI GC column (30 m
× 0.250 mm x 0.25 μm) (Agilent, USA). A complete description of the
analytical method can be found in Oey, van der Fels-Klerx, Fogliano, and
van Leeuwen (2020).
In brief, 100–110 mg of each sample were weighed individually as
the starting amount. Internal standards were added, and tetrahydro
furan (THF) was used as the main solvent. Conversion of GE into 1,2dipalmitoyl-3-bromopropanediol (3-MBPD) was performed with an
acid aqueous solution of 3 mg/mL sodium bromide and 5% v/v sulfuric
acid. After neutralization and clean-up, transesterification of all esters
was performed with 1.8% v/v sulfuric acid in methanol at 40 ◦ C for 16 h.
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Table 1
Concentrations of 3-MCPDE, 2-MCPDE, and GE in marine oil supplements.
All samples

3-MCPDE

2-MCPDE

GE

Range (in μg/kg)
Mean* (in μg/kg)
Median (in μg/kg)
Number of samples (< LOQ/analyzed)

< LOQ – 16,418
1431
365
10/52

< LOQ – 2486
225
72
26/52

< LOQ – 3448
261
140
9/52

Algae oils

3-MCPDE

2-MCPDE

GE

Range (in μg/kg)
Mean* (in μg/kg)
Median (in μg/kg)
Number of samples (< LOQ/analyzed)

< LOQ – 490
271
306
1/5

< LOQ – 108
80
72
2/5

< LOQ – 106
83
84
2/5

Krill oils

3-MCPDE

2-MCPDE

GE

Range (in μg/kg)
Mean* (in μg/kg)
Median (in μg/kg)
Number of samples (< LOQ/analyzed)

< LOQ – 150
110
< LOQ
4/5

< LOQ
< LOQ
< LOQ
5/5

< LOQ – 160
116
117
1/5

Fish liver oils

3-MCPDE

2-MCPDE

GE

Range (in μg/kg)
Mean* (in μg/kg)
Median (in μg/kg)
Number of samples (< LOQ/analyzed)

340–413
378
379
0/4

< LOQ – 104
92
97
1/4

180–637
315
222
0/4

Fish oils

3-MCPDE

2-MCPDE

GE

Range (in μg/kg)
Mean* (in μg/kg)
Median (in μg/kg)
Number of samples (< LOQ/analyzed)

< LOQ – 16,418
1903
554
4/37

< LOQ – 2486
282
116
17/37

< LOQ – 3448
302
158
5/37

Footnote: * For concentrations < LOQ, the LOQ value (i.e. 3-MCPDE = 100 μg/kg; 2-MCPDE = 70 μg/kg; GE = 70 μg/kg) was used for calculation of the mean.

Prior to derivatization with phenylboronic acid (PBA), the mixture was
neutralized and cleaned up by a series of liquid-liquid extractions to
remove the fatty acid methyl esters. The final extract was evaporated
and reconstituted in iso-octane.
The analysis of GE in krill oils showed that the ion-ratio criteria were
not met, meaning that the signal of 1 ion was disturbed by an interfering
matrix component that substantially enhanced the signal. This was
solved by implementing an additional clean-up step directly after sam
ple weighing. The oil sample was liquid-liquid extracted (LLE) with 12
mL ethyl acetate, 12 mL water and 10 g sodium sulfate. This mixture was
shaken firmly on an Agytax shaking device. After the LLE, the upper
ethyl acetate layer (containing the target analytes) is collected and the
LLE step was repeated once. Both extracts were combined, evaporated
and further sample preparation was conducted as mentioned above.
The analytical method validation was performed on vegetable oils
according to the Dutch NEN 7777 standard, and performance charac
teristics are published elsewhere (Oey et al., 2020). Quality assurance
and quality control (QA/QC) measures were taken on a routine basis to
monitor the performance of the method by including blank samples,
monitoring ion ratios of two MRMs for each analyte, monitoring re
coveries of the added internal standards, and participation in profi
ciency tests.
Calibration standards were prepared in extra virgin olive oil. Co
efficients of determination (R2) were 0.9998, 0.9994 and 0.9996 for 2and 3-MCPDE, and GE respectively. Recoveries of internal standards in
samples were 119.1% ± 26.2 for 2-MCPDE, 111.1% ± 24.0 for 3MCPDE, and 112.3% ± 29.8 for GE.
Z-scores from recent proficiency testing (FAPAS 2662 in 2020) were
1.2, 0.8, and 0.2 for 2- and 3-MCPDE, and GE respectively. Z-scores were
calculated by the proficiency test provider using a robust mean statis
tical approach. Statistical significances, where indicated in the results
section, were calculated using Student’s t-test. Resulting p-values of
<0.05 were considered statistically significant.

3. Results
Concentrations of 3-MCPDE, 2-MCPDE, and GE were quantified in a
total of 52 samples of marine oil supplements from 19 different brands
(see Supplemental Material for details). A total of 37 different products
were analyzed. For 11 products, two different batches were analyzed,
and for two products three different batches. Of these 52 samples, 37
were fish oils, of which four specified as salmon oil, one as anchovy,
sardine, and mackerel oil, and one as cod, saithe, and haddock oil; for
the remaining fish oil samples there was no further specification. Of the
52 samples, five were algae oils, of which four were specified as Schiz
ochytrium sp. oil, and one not specified. Five samples were krill oils,
which were not further specified but one sample that was labelled as
Antarctic krill oil. Four samples were fish liver oils, of which three were

Fig. 1. Concentrations of 2-MCPDE and 3-MCPDE in samples where both
values were >LOQ are strongly correlated (R2 = 0.9565).
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specified as cod liver, and one not specified. To 13 samples, sunflower
oil was added, to 11 samples evening primrose seed (Oenothera) oil was
added (all fish oils), to one sample olive oil was added, and one sample
also contained borage seed oil. 20 samples were specified to be suitable
for consumption by children or infants.
In all but one sample, the concentration of at least one of the three
analytes could be determined above the limit of quantification (LOQ).
The concentrations of 3-MCPDE ranged from <LOQ (i.e. 100 μg/kg) to
16,418 μg/kg, of 2-MCPDE ranged from <LOQ (i.e. 70 μg/kg) to 2486
μg/kg, and of GE from <LOQ (i.e. 70 μg/kg) to 3448 μg/kg. On average,
concentrations of 3-MCPDE and 2-MCPDE were highest in fish oils,
which was also the group with most samples, while concentrations of
these analytes were lowest in krill oils. The average concentration of GE
was highest in fish liver oil samples, and lowest in algae oils (see Table 1
for details). There was no statistically significant difference in concen
trations of the analytes in supplements labelled to be suitable for chil
dren compared to those not labelled; median concentrations were 412.9,
90.3, and 167.2 μg/kg for 3-MCPDE, 2-MCPDE, and GE, respectively, for
supplements labelled to be suitable for children, and 363.1, 0–70 (lower
bound (LB) – upper bound (UB)), and 137.52 μg/kg for 3-MCPDE, 2MCPDE, and GE, respectively, for supplements not labelled to be suit
able for children.
Concentrations of 3-MCPDE were higher than concentrations of 2MCPDE in all samples. In samples where concentrations of both analy
tes were above the LOQ, concentrations of 3-MCPDE were on average
5.8 times higher than concentrations of 2-MCPDE and were correlated
with an R2 of 0.959 (see Fig. 1). There was no correlation of concen
trations of GE and 3-MCPDE or 2-MCPDE.
Maximum and median daily intakes of 3-MCPDE, 2-MCPDE, and GE
following consumption of the analyzed supplements were calculated
based on the recommended doses stated on the packaging of the sup
plements. The maximum and median daily intakes were respectively
25.1 μg and 0.60 μg for 3-MCPDE, 3.5 μg and 0.05–0.17 μg (LB – UB) for
2-MCPDE, and 4.8 μg and 0.26 μg for GE. Median intake for samples
labelled to be suitable for children were 1.14, 0.11–0.21 (LB – UB), and

0.42 μg for 3-MCPDE, 2-MCPDE, and GE, respectively, and for supple
ments not labelled to be suitable for children 0.39, 0–0.14 (LB – UB), and
0.23 μg for 3-MCPDE, 2-MCPDE, and GE, respectively.
Concentrations of 3-MCPDE, 2-MCPDE, and GE were compared be
tween samples collected in 2018 and samples collected in 2020 (see
Fig. 2). Concentrations of 3-MCPDE, 2-MCPDE, and GE in samples
collected in 2020 were on average about five, three, and two times
lower, respectively, than in samples collected in 2018.
Twelve of the samples that were used to assess batch to batch vari
ation were fish oils, and one was cod liver oil. Results show that dif
ferences between batches ranged from no or hardly any difference (e.g.
both < LOQ, or only few percent difference) to up to 100, 19, and 16
fold-difference for 3-MCPDE, 2-MCPDE, and GE, respectively (see
Fig. 3).
4. Discussion
The concentrations of analytes in the fish (liver) oils investigated in
this study are comparable to those reported in fish (liver) oil supple
ments by Sadowska-Rociek (2020), although concentrations of
3-MCPDE in the samples analyzed in this study are in some cases higher.
The levels we report for fish oil samples are also comparable to the levels
in supplements based on salmon oil as reported by Kuhlmann (2011).
Overall, due to different sample numbers, it is difficult to statistically
compare concentrations of the analytes in different sample types. It
appears that the krill oils contain relatively low concentrations of
3-MCPDE and 2-MCPDE, as the concentrations of these analytes were
<LOQ for most of these samples. Concentrations of GE were above LOQ
in four out of the five samples, but at lower concentrations compared to
e.g. the fish (liver) oils. In one of the krill oil samples, concentrations of
all three analytes were <LOQ. To the best of our knowledge, no studies
were published on food supplements based on krill oil and algae oil,
which hampers a comparison. Based on our data it appears that sup
plements containing krill oil are less contaminated than supplements
containing fish oils, while levels of 3-MCPDE and 2-MCPDE in algae oils

Fig. 2. Concentrations of A) 3-MCPDE, B) 2-MCPDE, C) GE in samples collected in 2018 (n = 28), and samples collected in 2020 (n = 24). Box denotes 25th
percentile to 75th percentile, line is median, whiskers are minimum to maximum.
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Fig. 3. Batch to batch variations in concentrations of A) 3-MCPDE, B) 2-MCPDE, C) GE. Open circles: samples collected in 2018, crosses: samples collected in 2020.
Sample number refers to number in Table 1 of the Supplemental Material.

are in approximately the same range as in fish liver oils, with levels of GE
being lower and more similar to levels in krill oils.
Average concentrations of the analytes were higher in samples
collected in 2018, than in samples collected in 2020. This might indicate
an increasing awareness of these processing contaminants, and the
impending regulatory changes, changed harvesting practices, or
improvement of processing techniques. The concentrations in several
samples collected in 2018 exceeded the current EC ML for the sum of 3MCPD and 3-MCPDE of 2500 μg/kg for marine oils. This ML was set in
2021 and only one fish oil sample of 2020 exceeded this ML. It should be
noted that in this study only 3-MCPDE were analyzed, and the contents
of free 3-MCPD (which was included recently in EC legislation) have not
been assessed. For GE, an ML of 1000 μg/kg is set for marine oils (or 500
μg/kg in case the oil is destined for food for infants and young children).
Two samples of 2018 exceeded this ML of 1000 μg/kg and 1 sample of
2020 exceeded the ML of 500 μg/kg, the latter was labelled to be suit
able for children.
It is shown that between different batches of the same product,
concentrations can vary greatly, this is also the case for different batches
collected at the same date. For 2- and 3-MCPDE, the levels in the 2020
batches were generally lower than in the 2018 batches, whereas for GE,
in a couple of cases, the 2020 levels were higher than the 2018 levels. As
discussed before, this might suggest that care was taken to lower the
levels by industries. It is not apparent why for GE, this is different.
Possibly, industry has focused on MCPDEs, because initially only legis
lative measures for 3-MCPDE were in place. In addition, the measures
taken for lowering 3-MCPDE levels may have been effective for these,
but not for GE. Therefore, measures are needed to reduce GE levels
during processing as well.
EFSA updated the TDI for 3-MCPD and its esters to 2 μg/kg bw (EFSA
CONTAM Panel et al., 2018). The intake of 3-MCPDE resulting from the
consumption of the analyzed supplements following the recommenda
tions on the packaging would contribute to exposure but not result in
exceedance of this TDI (for an adult of 70 kg body weight the highest

exposure would be up to 17.9% of the TDI following consumption of
Sample 1, and for a child of 23 kg body weight (i.e. the mean body
weight of the group of 3–10 year old children (EFSA Scientific Com
mittee, 2012)), the highest exposure would be 16.6% of the TDI
following consumption of Sample 14, which was labelled suitable for
children from 3 years of age). For 2-MCPDE, no health-based guidance
value is available due to the limited toxicity data available. For GE, EFSA
states that a margin of exposure (MOE) of smaller than 25,000 compared
to the T25 value of 10.2 mg/kg bw per day for neoplastic effects in rats
would indicate a concern (EFSA CONTAM Panel, 2016). While the
exposure to GE resulting from consumption of the supplements would
not result in an MOE of below 25,000, particularly for young children
the consumption of the supplements labelled to be suitable for con
sumption by children could significantly contribute to the exposure (for
an adult of 70 kg body weight the lowest MOE of approximately 148,000
would result from consumption of Sample 15, and for a child of 23 kg the
lowest MOE of 61,160 would result from consumption of Sample 14).
There was a strong correlation between concentrations of 3-MCPDE
and 2-MCPDE (R2 of 0.959). The ratio of 3-MCPDE to 2-MCPDE was 5.8
across all samples where both contaminants were present > LOQ. There
was substantial variation between individual samples in the current
study (see Supplementary Table 1 for details), with ratios ranging from
approx. 10:1 in some fish oils to approx. 3:1 in some other fish and fish
liver oils. To several of the supplements also vegetable oils, often in
undeclared amounts, were added, and altered ratios were observed in
these cases. The average ratio was near 7:1 in samples without addition,
and about 4:1 in samples with additions. It is speculated that this is
caused by 2- and 3-MCPDE possibly present in these vegetable oils, often
at a ratio of approximately 2:1. Jedrkiewicz et al. (2016) observed in 5
fish oil samples that 2-MCPDE levels were <10% of 3-MCPDE, and
similar ratios were observed by Kuhlmann (2011) which confirms our
observations in those supplements containing only fish oil. We refer to
Jedrkiewicz et al. (2016) for a detailed discussion on these observed
ratios, which may be caused by the origin of the fish oil (whole fish
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versus liver oils), the effect of acetic acid during oil refining, or regio
selectivity of enzymes.
The results of this and other studies show that the analyzed process
contaminants can be present in supplements based on marine oils. This
study was not designed to assess where these compounds enter into the
sample material (during growth, harvesting or processing involving heat
steps), but it is likely that they were generated during processing. Merkle
et al. (2017) showed that MCPDEs and GE may be formed during
deodorization of fish oils at high temperatures, and they found sub
stantially higher levels in refined fish oils, compared to crude fish oils.
The reduction of these contaminants can therefore best be achieved
during processing of the oils. In the last decade, several mitigation
strategies for the formation of 3-MCPDE and GE have been published, as
recently reviewed by Oey, van der Fels-Klerx, Fogliano, and van Leeu
wen (2019). Although that review deals with vegetable oils, mechanisms
of formation are likely to be similar, and consequently, the mitigation
strategies may also be similar. The source, the quality of the crude oil,
and potential enzymatic hydrolysis of acylglycerols occurring between
harvesting and processing play a role in the potential formation of 2-,
3-MCPDE, and GE during oil refinery (Jedrkiewicz et al., 2016; Matthäus
& Pudel, 2013; Sim et al., 2018) These parameters need to be well
regulated to achieve high quality oils with low 2-, 3-MCPDE and GE
contents. However, full control over all the previously mentioned pa
rameters is difficult to achieve. Optimizing the refining conditions
would therefore be a more accessible strategy, and several studies
showed that levels can be successfully reduced by adaptation of the
refining conditions (Oey et al., 2019). Future work should focus on
mitigation strategies for further reduction of these process contaminants
in marine oils. In this study we focused on supplements based on marine
oils. There are many other supplements based on vegetable oils on the
market, for which it is unknown if these contain process contaminants.
We therefore recommend to also screen these supplements for the
presence of these process contaminants.
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