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ABSTRACT 17 

Meat lipids are mostly comprised by triacylglycerols, but small amounts of plasmalogens 18 

are also present in intramuscular fat. The purpose of this study was to evaluate the effect 19 

of lipid derivatization on the presence of dimethyl acetal (DMA) molecules from 20 

plasmalogenic lipids in intramuscular fat samples. Three different methods of 21 

methylation were assayed. Acid-catalyzed methanolysis using HCl, the traditional 22 

procedure to derivatize meat lipids, was compared to two base-catalyzed methanolysis 23 

based on the ISO International standard procedure using either KOH and/or NaOCH3 24 

which, apparently, are only able to methylate fatty acids from triacylglycerols. DMA 25 

compounds were isolated by thin layer chromatography and then identified by gas 26 

chromatography-mass spectrometry. The most prominent DMA molecules detected were 27 

16:0 and 18:0, but also minor amounts of monounsaturated and branched-chain DMA 28 

were quantified. Acid methylation yielded the highest amounts of DMA. However, the 29 

present article demonstrates that ISO standard based methylation procedures could also 30 

generate DMA derivatives in considerable quantities, which is not usually considered and 31 

may interfere with the determination of fatty acid methyl esters (FAME) from 32 

triacylglycerides. The current research warns scientist about possible FAME 33 

misidentifying and overestimations in intramuscular fat analysis using basic methylation 34 

and the need to consider the presence of DMA in samples that contain plasmalogens. 35 

Key words: plasmalogen, acid-catalyzed methanolysis, fatty acid methyl ester, 36 

intramuscular fat.   37 
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1. INTRODUCTION 38 

Plasmalogens are a group of glycerophospholipids in which the sn-1 position of the 39 

glycerol backbone is linked to a fatty aldehyde via an alk-1-enyl ether bond. The presence 40 

of the nonhydrolyzable ether bond makes plasmalogens more susceptible to oxidative 41 

attacks in comparison to their acyl analogues. This fact has pushed up the idea that 42 

plasmalogens could act as scavengers, protecting other lipids from oxidative reactions 43 

[1]. Furthermore, changes in plasmalogens levels were shown significant in tissues of 44 

various tumor types which makes these molecules good candidates as potential cancer 45 

biomarkers [2]. 46 

Plasmalogens are constituents of microorganisms [3-4] and animal tissues [5]. Edible 47 

meat also contains plasmalogens in different proportions, contributing to the total lipid 48 

content of this foodstuff [6-7]. The radical at the sn-1 position of meat plasmalogens 49 

usually derives from saturated and monounsaturated fatty aldehydes with 16 or 18 carbon 50 

atoms [8-10]. These analytes tend to elute before the corresponding fatty acid methyl ester 51 

(FAME) derivatives in gas chromatography (GC), which often complicates lipid analysis, 52 

and their occurrence seem to be influenced by the derivatization process. 53 

When plasmalogens are treated with acidic transesterification reagents during 54 

methylation, the traditional procedure to derivatize all meat lipids, the vinyl ether bond is 55 

broken at the sn-1 position. The aldehyde that is generated reacts immediately with 56 

methanol and yields dimethyl acetals (DMA) molecules. However, it is not so clear the 57 

production of DMA under alkali methylation conditions. Although it has been suggested 58 

that DMA formation does not occur if methanolysis is carried out with basic catalysts 59 

[11-12], some studies have reported the presence of these plasmalogens derivatives in 60 

chromatographic analysis after basic transesterification [5,8]. Unfortunately, DMA and 61 
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FAME present very similar GC retention times when analyzed using polar stationary 62 

phases. As a result, certain compounds could often be inaccurate labeled and 63 

overestimated due to the coelutions occurring in routine lipid analysis. 64 

The aim of this study was to compare the effects of two basic-methylation procedures 65 

with a conventional acid-transesterification methodology on the occurrence of DMA 66 

molecules in intramuscular fat. 67 

 68 

2. MATERIALS AND METHODS 69 

2.1. Samples and lipid extraction 70 

This work was carried out using intramuscular fat samples from lamb meat. Samples for 71 

lipid analysis were taken from the T13 vertebra section of the Longissimus thoracis 72 

muscle after 6 days of aging. Intramuscular lipids were extracted using the Bligh and 73 

Dyer method [13]. Briefly, muscle was homogenized with a mixture of chloroform and 74 

methanol adding BHT as antioxidant. Dilution with chloroform and water separated the 75 

homogenate into two layers. The chloroform layer containing all the lipids was collected, 76 

and, after removal of the solvent, the total lipids were  preserved  in amber vials frozen at 77 

-17°C until its derivatization. 78 

 79 

2.2. Lipid derivatization and fractionation. 80 

Three different methylation procedures were assayed. Acid-catalyzed methylation was 81 

carried out by reacting 25 mg of total lipids extracted from muscle with 1 mL of 82 

anhydrous HCl/CH3OH 5% w/v for 1 h at 80°C according to Santercole et al. [10].  83 

 84 
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Methyl esters were also prepared by base-catalyzed methanolysis using two 85 

transesterification reagents according to ISO [14]. The first alkali reagent was prepared 86 

dissolving 11.2 g of potassium hydroxide (KOH) in 100 mL of methanol. Alternatively, 87 

10.8 g of sodium methoxide (NaOCH3) were dissolved in the same volume of methanol 88 

to obtain the second reagent. Each basic transesterification mixture (0.2 mL) was reacted 89 

with 25 mg of total lipids at room temperature. Five minutes after mixing, 130 mg of solid 90 

NaHSO4H2O were added and the mixture was centrifuged for 3 min at room temperature. 91 

Then, an aliquot of the supernatant was removed for GC analysis.  92 

 93 

After acid methylation of intramuscular lipids, FAME and DMA were fractionated by 94 

thin layer chromatography (TLC) onto a silica-gel plate using dichloromethane as solvent. 95 

The two bands containing DMA and FAME were scraped off and analyzed by GC as 96 

previously Alves et al. [4] described. 97 

2.3. Gas chromatography analysis. 98 

An Agilent model 6890 N Network System (Palo Alto, CA, USA) equipped with auto 99 

injector, fitted with a FID and a CP-Sil 88 fused silica capillary column (100 m x 0.25 100 

mm i.d., Varian, Middelburg, The Netherlands) was used. Injector and detector 101 

temperature was 250 °C. Helium was the carrier gas and inlet pressure was set at 194 kPa. 102 

The sample volume injected was 1 µL at a split ratio of 1:100. Total chromatographic 103 

time was 90 min, including two ramps. Initial oven temperature was 45 °C. After 4 min, 104 

it was raised at 13 °C min–1 to 165 °C and held for 35 min, then increased to 215 °C at 4 105 

°C min–1 and maintained for 30 min. Quantification was carried out using 11:0 as internal 106 

standard.  107 
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The identification of DMA and FAME was accomplished on an Agilent chromatograph 108 

(model 7890A) fitted with a mass spectrometry (MS) electronic impact detector (5975C 109 

inert MSD). The filament trap current was 400 µA at 70 eV. Injections were carried out 110 

under data system control with an injection volume of 1 µL and split ratio of 1:20. The 111 

remaining chromatographic conditions were similar to those described above for GC-FID 112 

analysis. The AOCS Lipid Library (http://lipidlibrary.aocs.org/), Wiley 275 and NIST 05 113 

libraries were used to identify the mass spectra.  114 

 115 

2.4. Statistical analysis. 116 

Statistical analysis was conducted with SPSS Version 24.0 (SPSS Inc., Chicago, Illinois, 117 

USA). A one-way analysis of variance (ANOVA) followed by the Tukey’s post-hoc test 118 

was used to compare DMA levels in lamb intramuscular fat after different methylation 119 

procedures. P < 0.05 was considered to be statistically significant. 120 

 121 

3. RESULTS AND DISCUSSION 122 

3.1. Analysis of DMA and FAME by GC 123 

The DMA profile, which reflects the vinyl ether chain of plasmalogens, was analyzed by 124 

GC. Catalysis in methanolic media of the lipid samples generated DMA and FAME 125 

simultaneously. As it can be observed in Figures 1 and 2 (down chromatograms of total 126 

sample), both groups of compounds eluted in the same chromatographic areas, that led to 127 

assorted coelutions and quantification challenges. To overcome this issue, a TLC using 128 

dichloromethane as developing solvent was carried out to discriminate FAME and DMA 129 

analytes. Both fractions were collected and subsequently analyzed with the same GC 130 
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program. Fifteen peaks were identified in the DMA fraction and, under our 131 

chromatographic conditions, two co-elutions between FAME and DMA were observed 132 

in lamb intramuscular fat. Anteiso 15:0 methyl ester overlapped with iso 16:0 DMA 133 

(Figure 1) while cis-9 17:1 methyl ester was not well resolved from 18:1 DMA (Figure 134 

2).  135 

 136 

3.2. DMA identification by MS  137 

The use of MS detector hyphenated to a capillary GC column was very useful to 138 

determine the structure of individual DMA as well as other FAME eluting in same 139 

chromatographic region. Under electron impact ionization, DMA are fragmented 140 

extensively and they show a base peak at m/z = 75. It results from the loss of the DMA 141 

head group, which is the principal identifier of any DMA moiety. Another characteristic 142 

fragmentation is the [M-31]+ ion which is linked to the loss of a methoxyl radical and 143 

allows the determination of DMA molecular weight [3]. For instance, mass spectra of 144 

14:0, 15:0, 16:0, and 18:0 DMA exhibited the ion [M-31]+ at 227, 241, 255 and 283, 145 

respectively, being supported by the mass spectra from the databases above mentioned 146 

(see Material and Methods section) as well as Alves et al. (4) reports.  147 

Five peaks eluting between iso 18:0 and 18:0 FAME (Figure 2, Total) presented a similar 148 

mass spectra with a [M-31]+ ion at 281 (Figure 3). All of them corresponded to 18:1 DMA 149 

moieties but their double bond position and geometry did not generate differences in the 150 

mass spectrum. Tentative identification of the 18:1 DMA isomers may be accomplished 151 

by analogy with the FAME profile that follows the same elution pattern (Alves et al., 152 

2013). In this way, the highest 18:1 peak in the DMA fraction had to be assigned to cis-9 153 

18:1 DMA being preceded by different trans 18:1 DMA isomers (Figure 2). It is 154 
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important to notice that cis-9 17:1 FAME would partially interfere in the determination 155 

of plasmalogens as it elutes in the 18:1 DMA region. The rest of DMA after cis-9 18:1 156 

DMA would include 18:1 isomers with cis unsaturation but where the double bond could 157 

be located at higher positions of the carbon chain (Figure 2, DMA).  158 

The elution pattern was also utilized to assign iso and anteiso 17:0 DMA (Figure 1). It is 159 

well known that iso and anteiso FAME appear at a carbon number of (n-1 + 0.5) and (n-160 

1 + 0.7), respectively, in different GC columns [15]. The present research would confirm 161 

that this principle also applies to DMA molecules. Iso and anteiso 17:0 DMA compounds 162 

eluted at 0.5 and 0.7 units, respectively, when considering the distance between 16:0 163 

DMA and 17:0 DMA as a unit. Furthermore, both peaks showed an identical mass 164 

spectrum to 17:0 DMA with the characteristic ions at m/z = 75 and 269 (Figure 3). 165 

Similarly, iso 16:0 DMA eluted right in the middle between 15:0 DMA and 16:0 DMA 166 

(Figure 1). In this chromatographic region, other two DMA moieties were also assigned 167 

to 16:1 structure because their mass spectra presented the characteristic ions [M-31]+ at 168 

253 and the base peak at m/z = 75 (Figure 3).   169 

In addition, the utilization of GC-MS was useful to determine the identity of other minor 170 

compounds in the chromatogram. The group of tiny peaks eluting after 15:0 DMA and 171 

immediately before iso 15:0 and anteiso 15:0 FAME (Figure 1) corresponded to 172 

branched-chain 15:0 FAME with the methyl group located at different positions within 173 

the backbone. Likewise branched-chain 17:0 FAME other than iso and anteiso were 174 

assigned to four peaks eluting after 17:0 DMA. Finally, MS detector also confirmed the 175 

presence of BHT in the samples (Figure 1) which was added during the extraction process 176 

to avoid lipid oxidation.   177 

 178 
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3.3. Effect of the methylation catalyst  179 

Table 1 compares the content of the 15 individual DMA after three different methylation 180 

procedures of the same intramuscular fat sample. The highest contents of DMA were 181 

observed under acidic conditions but all catalysts produced these molecules. Methylation 182 

using anhydrous HCl/CH3OH (5%) is known to be complete for all lipids, including alk-183 

1-enyl ethers, after 1 h at 80°C. High temperatures would promote the formation of DMA 184 

and, therefore, values measured with this procedure should be considered a reliable 185 

reference. In addition, this methodology has been profusely employed in the analysis of 186 

lipids from different sources [12,16-17].   187 

Methylation procedures based on ISO standard [14] yielded significantly lower amounts 188 

of DMA than HCl derivatization (Table 1). In comparison to acid methanolysis, total 189 

DMA content decreased by 44% and 62% with methanolic KOH and NaOCH3, 190 

respectively (Table 1). These results are not in agreement with those generally reported 191 

in the literature where is often believed that the alk-1-enyl ethers present in phospholipid 192 

molecules are not derivatized under base-catalyzed methanolysis [11-12]. Nevertheless, 193 

data from the present research reveal that the vinyl ether bond of plasmalogens could be 194 

broken, at least in part, and the aldehydes released to the media would be subsequently 195 

converted to DMA with basic catalyzed transesterification. A possible explanation could 196 

come from the addition of NaHSO4H2O to the transesterification mixture as the ISO 197 

procedure [14] recommended. It is added just before the centrifugation to avoid the 198 

saponification of preformed esters but, as NaHSO4H2O is very acidic, it may also favor 199 

the conversion of plasmalogens to DMA molecules.  Salih et al. [8] previously reported 200 

the presence of 16:0 and 18:0 DMA in turkey breast muscle phospholipids after sodium 201 

methoxide derivatization but, unfortunately, no details of the procedure were described. 202 
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The main problems associated to the generation of DMA molecules in the methylation 203 

process are the potential errors of identification and quantification that could occur in the 204 

analysis of samples with relevant levels of plasmalogenic lipids. For such reason, GC 205 

oven temperature program need to be adequately selected and peak identity finely 206 

checked in this type of samples. Under our chromatographic conditions, overlapping 207 

between FAME and DMA were minimized but still, two very minor FAME (anteiso 15:0 208 

and cis-9 17:1) coeluted with DMA molecules. In practical terms, a previous recognition 209 

of individual DMA in samples containing plasmogens would be highly encouraged to 210 

avoid FAME overestimations and inaccurate assignments on each particular working 211 

condition.  212 

There are few studies informing about the presence of DMA in sheep intramuscular fat. 213 

In lamb chops, Crackel et al. [11] reported around 12% of total lipids as DMA. In contrast, 214 

Santercole et al., [10] supplied an interval of DMA varying from 1.9 to 2.4% in Sarda 215 

sheep meat. The fatty aldehyde at the sn-1 position of the plasmalogen consisted mainly 216 

of saturated and monounsaturated alkenyl moieties without the presence of 18:2 DMA, 217 

which is consistent with the current research. 16:0 and 18:0 were the major DMA moieties  218 

and cis-9 18:1 DMA would be the most prominent monounsaturated fatty aldehyde 219 

[5,10]. This could be explained by the fact that plasmalogen alkenyl chains are derived 220 

from the alcohol produced from the corresponding fatty acids and 16:0 and cis-9 18:1 are  221 

the most abundant fatty acid in lamb meat [18]. 222 

 223 

4. CONCLUSIONS 224 

Fifteen individual molecules of alk-1-enyl ethers were identified and quantified in lamb 225 

intramuscular fat under 3 different derivatization procedures. Acid methylation, the 226 
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procedure commonly used to derivatize all meat lipids, yielded the highest amounts of 227 

DMA. Transesterification based on the ISO standard methodology, normally used to 228 

determine only fatty acid from triacylglyceride, also lead to the formation of DMA 229 

derivatives but in lower quantities than acid derivatization. Thus, a previous analysis and 230 

recognition of DMA molecules in samples containing plasmalogenic lipids would be 231 

required to overcome certain complexities related to the coelution of DMA and FAME in 232 

the same regions of the chromatogram. This should sensitize scientists performing studies 233 

on fatty acids analysis in ruminant meat and possibly integrate the TLC separation of 234 

DMA and FAME into the workflow to avoid overestimation in case of some minor fatty 235 

acids. 236 

 237 
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Table 1. Mean content (mg/mL) and standard deviation of dimethyl acetal (DMA) 297 

compounds in lamb intramuscular fat using different methylation catalysts (KOH, 298 

NaOCH3, HCl/CH3OH). 299 

DMA KOH NaOCH3 HCl/CH3OH 

14:0 0.005 ± 0.001  0.005 ± 0.001 0.006 ± 0.001  

15:0 0.004 ± 0.001 b 0.003 ± 0.001 b 0.008 ± 0.001 a 

iso 16:0 1 0.081 ± 0.014  0.087 ± 0.010 0.084 ± 0.003  

16:0 0.595 ± 0.105 b 0.343 ± 0.126 b 1.127 ± 0.072 a 

16:1 0.026 ± 0.009  0.025 ± 0.002   0.024 ± 0.004  

16:1 0.005 ± 0.001 b 0.004 ± 0.0003 b 0.009 ± 0.001 a 

iso 17:0 0.013 ± 0.003 b 0.009 ± 0.004 b 0.027 ± 0.002 a 

anteiso 17:0 0.020 ± 0.004 b 0.010 ± 0.004 c 0.043 ± 0.002 a 

17:0 0.009 ± 0.002 b 0.004 ± 0.002 b 0.034 ± 0.005 a 

18:0 0.198 ± 0.057 b 0.089 ± 0.045 b 0.508 ± 0.036 a 

trans-18:1 0.065 ± 0.018 b 0.032 ± 0.015 b 0.160 ± 0.011 a 

trans-18:1 2  0.332 ± 0.048  0.287 ± 0.018  0.329 ± 0.025  

cis-9 18:1 0.105 ± 0.023 b 0.067 ± 0.021 b 0.242 ± 0.019 a 

cis-18:1 0.009 ± 0.002 b 0.007 ± 0.002 b 0.016 ± 0.001 a 

cis-18:1 0.017 ± 0.001  0.016 ± 0.001  0.015 ± 0.003  

TOTAL  1.485 ± 0.258 b 0.988 ± 0.248 b 2.632 ± 0.175 a 
1 Coelutes with anteiso 15:0 methyl ester. 2 Coelutes with cis-9 17:1 methyl ester. 300 

a-c Values with different superscripts are significantly (P < 0.05) different  301 

 302 

  303 
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FIGURE CAPTIONS 304 

Figure 1. Partial GC chromatograms (from 26 to 39 min) of lamb intramuscular fat prior 305 

TLC (Total) and after separation into DMA and FAME lipid fractions. Aiso: anteiso; 306 

BHT: butylhydroxytoluene; DMA: dimethylacetal; FAME: fatty acid methyl ester; 307 

*unidentified. 308 

Figure 2. Partial GC chromatograms (from 41 to 50 min) of lamb intramuscular fat prior 309 

TLC (Total) and after separation into DMA and FAME lipid fractions. DMA: 310 

dimethylacetal; FAME: fatty acid methyl ester. 311 

Figure 3. Mass spectra of 16:1, 17:0, and 18:1 dimethyl acetals in lamb meat 312 

intramuscular fat analyzed by GC-EI/MS into a 100-m CP-Sil 88 capillary column. 313 


