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Short title: Neutral and polar lipid composition of horse meat 19 

 20 

ABSTRACT 21 

This study was undertaken to provide a thorough analysis of the neutral (NL) and 22 

polar lipid (PL) fractions of horse meat that included the content and distribution of 23 

acyl and alkenyl moieties in foals under different rearing conditions. Two groups of 24 

crossbred horses were studied; the first group was selected from suckling foals 25 

produced under grazing conditions and slaughtered at 4 months of age (n=8), and the 26 

second group was selected from concentrate-finished foals and slaughtered at 12 27 

months of age (n=7). There were significant differences related to the age and 28 

feeding practices of foals which affected the intramuscular (IM) fat content and the 29 

fatty acid (FA) composition of NL and PL fractions. Samples from suckling foals were 30 

leaner and provided the highest content of methylation products from the 31 

plasmalogenic lipids, and total and n-3 polyunsaturated FA (PUFA). By contrast, the 32 

meat from concentrate-finished foals had a higher IM fat level resulting in a greater 33 

accumulation of 16:0 and total monounsaturated FAs in the NL fraction, while the 34 

muscle PL fraction retained a similar FA composition between both groups. Linolenic 35 

acid was preferentially deposited in the NL fraction, but linoleic acid and the long 36 

chain n-3 and n-6 PUFAs were incorporated into the PL fraction where they served as 37 

cell membrane constituents and in eicosanoid formation. 38 

 39 

Keywords:  40 

Foal, lipid fractions, dimethylacetals, n-3 fatty acids, long chain fatty acids 41 

42 
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Implications 43 

A comprehensive lipid analysis showed that foal meat is a rich source of n-3 44 

polyunsaturated fatty acids which is healthy for humans. But, when animals are young 45 

(suckling) or reared under extensive conditions is difficult to reach levels of n-3 fatty 46 

acids on an absolute basis required for labeling purposes according to EFSA 47 

regulation. However, a more thorough knowledge of the neutral and polar lipid 48 

fractions of horse meat could establish the basis for a better understanding of this red 49 

meat in terms of its shelf life at the retail level and its stability during storage and/or 50 

processing. 51 

52 
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Introduction 53 

The intramuscular (IM) fat content and its fatty acid (FA) composition are related to 54 

the nutritional value, sensory attributes and technological quality of meat (Wood et al., 55 

2003 and 2008). In addition, meat FA composition is strongly influenced by the level 56 

of fatness, as well as genetic and dietary factors (De Smet et al., 2004). In general, 57 

horse meat was found to be lean with a significant content of n-3 polyunsaturated FAs 58 

(PUFAs) (Belaunzaran et al., 2017; Lorenzo et al., 2010), and for this reason it has 59 

been considered an interesting option from a nutritional point of view. However, the 60 

higher PUFA content could also negatively affect its stability during storage and/or 61 

processing due to oxidation (Wood et al., 2003). The IM lipids are composed of 62 

neutral (NL) and polar lipids (PL). The former consists primarily of triacylglycerols, 63 

while the latter mainly of phosphatidylcholine and phosphatidylethanolamine (Larick 64 

and Turner, 1989). Triacylglycerols are essential components of mammalian energy 65 

homeostasis, and their content in meat is directly related to the total fat level (0.200 - 66 

5.00 % of muscle weight) while phospholipids are involved in membrane structure 67 

and cell functions (Hornstein et al., 1967), and their content is relatively constant 68 

(0.200 - 1.00 % of muscle weight) (De Smet et al., 2004). Triacylglycerols were 69 

reported to be the major components in the horse NL fraction (55.7 - 63.2 % of total 70 

lipids), while phospholipids represented an average value of 0.695 % of muscle 71 

weight, ranging from 12.8 to 23.7 % of total lipids depending on production system 72 

(Sarriés et al., 2006). 73 

Meat is also known to contain plasmalogenic lipids in which one of the ester linkages 74 

is replaced by a vinyl ether (alk-1-enyl moiety). These compounds are seldom 75 
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reported in meat, and to our knowledge have never been reported in horse meat. In 76 

mammalian tissues, the plasmalogens are only present in small amounts in the NL 77 

fraction, while in the PL fraction they are major components, particularly in 78 

phosphatidylethanolamine (Horrocks, 1972), where they have been reported to be 79 

important components of membrane phospholipids (Nagan and Zoeller, 2001). The 80 

ether bond is generally linked to the sn-1 position while long chain (LC) PUFA occupy 81 

the sn-2 position of the molecule. To date, the alkyl chain length of the alkenyl ethers 82 

reported in the mammalian tissues did not exceed C18 FAs (Horrocks, 1972). 83 

A comprehensive analysis of horse lipids that includes the content and localization of 84 

acyl and alkenyl moieties in the neutral and polar lipid structures is necessary to have 85 

a reliable database to evaluate this meat as an alternate nutritional source. It would 86 

also provide valuable information to improve the shelf-life at retail conditions of this 87 

meat. Such a complete characterization of horse lipids is not currently available. In 88 

this manuscript we wish to provide a complete analysis of both the neutral and polar 89 

lipids of horse meat and how this composition is affected by the age of the horse and 90 

associated feeding practices. 91 

 92 

Material and methods 93 

Experimental design and sampling 94 

In the present study 2 groups of crossbred horses were used. The first group was 95 

selected from foals that were naturally suckled by their mothers from birth (March-96 

April 2015) to slaughter (July 2015) at 4 months of age (n=8), and consisted of equal 97 

numbers from both sexes. They were managed under grazing conditions. The second 98 
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group was selected from crossbred males (n=7) born in April 2015, that after weaning 99 

(November 2015) were intensively fattened indoors. The amount of commercial 100 

concentrate given to foals was gradually increased from 4-5 kg/head/day at the start 101 

to 10 kg/head/day at the end of the fattening period, and oats and straw were 102 

supplied ad libitum. Foals were slaughtered at 12 months of age.  103 

The concentrate was composed by barley, wheat bran, soya, alfalfa, sunflower, beet 104 

molasses, and a premix of vitamins and trace elements. On dry matter basis, 105 

chemical composition of the concentrate was as follows: 18.2 % of crude protein 106 

(ISO, 2005), 7.93 % of ash (ISO, 2002), and 2.41 % of ether extract (AOCS, 2008), 107 

while the main FAs were: 16:0 (20.8 %), 18:0 (2.25 %), 9c-18:1 (14.9 %), 18:2n-6 108 

(45.8 %), and 18:3n-3 (5.46 %). 109 

Foals were slaughtered in a commercial abattoir according to standard procedures. 110 

The carcass weight reached an average value of 101±2.38 and 272±11.7 kg in 111 

suckling and fattened foals, respectively. The 6th to 8th rib joints of the left half 112 

carcasses were transported to the laboratory in refrigerated coolers. Then, the 113 

longissimus throracis et lumborum (LTL) muscle was dissected and two steaks of 114 

approximately 3 cm thick were cut. The first steak was used to determine the 115 

proximate chemical composition using standard procedures (AOCS, 2008; ISO, 2002 116 

and 2005). The second steak was cut into pieces, freeze-dried, ground, vacuum-117 

packaged, and stored at -80 ºC for further lipid analysis. 118 

 119 

Muscle lipid extraction and fatty acid esterification 120 
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Lipids from 1.5 g of freeze-dried muscle were extracted using chloroform-methanol 121 

(2:1, v/v; Folch et al., 1957). Two lipid aliquots of 10 mg were separately methylated 122 

using base- (2 mL of Methanolic-Base, 0.5 N from Supelco) and acid- (2 mL of 123 

sulfuric acid in methanol, 2 %) catalyzed procedures. The latter method assured the 124 

complete methylation of all type of lipids; the conversion of acyl and N-acyl lipids into 125 

FAME, and the alk-1-enyl ethers of plasmalogenic lipids into dimethylacetals (DMA). 126 

On the other hand, the base-catalyzed procedure was used to avoid isomerization of 127 

conjugate linoleic acid (CLA) (Kramer et al., 1998). Prior to derivatization, 0.5 mg of 128 

two internal standards (13:0 and 23:0 methyl esters from Nu-Chek Prep Inc., Elysian, 129 

MN, USA) was added for quantitative purposes. 130 

 131 

Fractionation of neutral and polar lipid classes 132 

Intramuscular lipids (45-60 mg) were fractionated into their NL and PLs using solid-133 

phase extraction (SPE) cartridges packed with silica gel (SupelcleanTM LC-Si SPE 134 

Tubes 1 g/6 mL; Supelco, Bellafonte, PA, USA). The NLs were eluted with chloroform 135 

(30 mL) and the PLs with methanol (30 mL), as described by Juaneda and Rocquelin 136 

(1985). To the individual fractions, and prior to derivatization, the internal standard 137 

(23:0 methyl ester) was added at approximately 0.05 mg per 1 mg of lipids, and then 138 

transesterified using sequential base- and acid-catalyzed procedures. 139 

 140 

Gas chromatographic analysis of lipid compounds 141 

Fatty acid methyl esters (FAMEs) and DMAs were analyzed using a gas 142 

chromatograph equipped with a flame ionization detector (GC-FID; Agilent 143 
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Technologies, Model 7890A, Wilmington, DE, USA) and coupled with an automatic 144 

injector (Agilent Technologies, Model 7693). Samples were injected using a 50:1 split 145 

ratio on a Supelco SP2560 capillary column (100 m x 0.25 mm I.D., 0.2 μm coating, 146 

Bellefonte, PA) using the 175 ºC temperature program described by Kramer et al., 147 

(2008). In order to resolve CLA isomers and several other overlapping peaks, the 148 

FAMEs were subjected to a second GC analysis using a SLB-IL111 ionic liquid 149 

stationary phase column (100 m x 0.25 mm I.D., 0.2 μm coating; Supelco, Bellefonte, 150 

PA, USA) and using the temperature program described by Delmonte et al. (2011). 151 

Hydrogen was used as a carrier gas at a flow rate of 1 mL/min, the injection volume 152 

was 1 µL, and injector and detector ports were set at 250 ºC. 153 

For identification purposes, reference standards of individual FAMEs (21:0, 23:0, 154 

26:0, 28:0) and mixtures such as #463, #603 and #UC-59M CLA were obtained from 155 

Nu-Check (Elysian, MN, USA), linoleic (LA; 18:2n-6) and linolenic acid (LNA; 18:3n-3) 156 

isomers were purchased from Sigma-Aldrich (CRM47791 and CRM47792, 157 

respectively; Supelco, Bellefonte, PA, USA), and a bacterial mixture was obtained 158 

from Matreya (Pleasant Gap, PA, USA). Many of trans-FA, CLA, non conjugated (NC) 159 

dienes, trienes, and LC-PUFA not included in the standard references were identified 160 

by retention times and elution orders previously reported in the literature (Alves and 161 

Bessa, 2009; Delmonte et al., 2012), and by FAME fractions obtained using silver-ion 162 

SPE cartridges (Kramer et al., 2008; Belaunzaran et al., 2016). 163 

For quantitation purposes, chromatographic peak areas were corrected according to 164 

theoretical response factors (Bannon et al., 1985), and thereafter the amounts (mg) 165 
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were calculated according to the internal standard added. FAMEs and DMAs were 166 

expressed as mg/100 g of fresh meat or as percentage of total FAME quantified (%). 167 

 168 

Data analysis 169 

Statistical analysis was conducted using IBM SPSS (2016). A t-Student test was 170 

applied to compare the chemical composition, fat constituents (FAME, DMA) 171 

composition, and deposition preference values in total, neutral and polar lipids 172 

between animal groups (suckling and fattened foals). Deposition values of individual 173 

FAs in NL and/or PL fraction of horse muscle were calculated as follows: 174 

log (individual FA % in the PL fraction / same FA % the NL fraction) 175 

Principal component analysis (PCA) was conducted on main individual and groups of 176 

FAs to establish relationships among them. Sample distribution plots using the two-177 

dimensional coordinate system defined by the two first principal components (PCs) 178 

were used to study the variability in composition. Three significant figures were used 179 

to express the data. Significance was declared at P≤0.05. 180 

 181 

Results 182 

Chemical composition of muscle 183 

In terms of the chemical composition of the horse meat (Table 1), the fat content was 184 

significantly higher in concentrate-finished (2.53 %) than in suckling foals (0.853 %; 185 

P<0.01). Moisture (73.8 % vs 72.4 %; P<0.05) and protein (23.9 % vs 21.9 %; 186 

P<0.01) percentages were the highest in suckling foals, while no differences in total 187 

ash content (average value of 1.46%) were observed between studied groups. 188 
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 189 

Fatty acid and plasmalogen composition muscle 190 

Total fatty acid content and composition of LTL muscle from suckling and fattened 191 

foals are presented in Table 2 (mg/100g of fresh meat and %). On the absolute basis, 192 

total FAME content was significantly higher in concentrate-fed (2854 mg/100 g of 193 

meat) than in suckling foals (996 mg/100 g of meat; P<0.001), and it was influenced 194 

by higher levels of saturated FA (SFA; P<0.001), monounsaturated FA (MUFA; 195 

P<0.001) and n-6 PUFA (P<0.001; Table 2), whereas the opposite was true for n-3 196 

PUFA (P<0.05). The total branched-chain FA (BCFA) content was not affected by age 197 

and feeding practices, although i-16:0 content was slightly higher in concentrate-fed 198 

foals (P<0.05). Similarly, DMA, CLA (P<0.001), NC-diene (P<0.01) and trans-FA 199 

(P<0.001) levels were higher in concentrate-fed foals, while no differences in trienes 200 

were found between studied groups.  201 

Looking at the muscle FA profile data on the percentage basis, SFA were not affected 202 

by age and feeding (average value of 36.1 %), although differences were significant 203 

for some individual SFA; the percentage of palmitic acid (16:0) was higher while 204 

stearic acid (18:0) was lower in fattened compared to suckling foals (P<0.001; Table 205 

2). The content of BCFA was significantly higher in suckling (0.534 %) than in 206 

fattened foals (0.206 %; P<0.001). Likewise, the total content of DMA was 207 

significantly higher in suckling (5.88 %) compared to fattened foals (2.37 %; P<0.001). 208 

When expressed as percentages of total quantified DMA in horse muscle, the 209 

saturated DMA represented 76.9 % of the total, with 16:0 (50.6 %) and 18:0 (23.0 %) 210 

the most predominated isomers. Monounsaturated represented about 17.4 %, 3.47 % 211 
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were BCFA and only 2.15 % were PUFA. The percentage of MUFA were significantly 212 

higher in concentrate-fed (41.6 %) than in suckling foals (19.9 %; P<0.001), and this 213 

was influenced by both the major cis- (9c-16:1 and 9c-18:1) and trans-MUFA (9t-18:1; 214 

P<0.001; Table 2). No differences were found for the total CLA content between 215 

studied groups (average value of 0.107 %); however, the percentage of NC-dienes 216 

(11t,15c-/9c,15c-/12c,15c-18:2) and trienes (9c,11t,15c-18:3) related to LNA 217 

metabolites, and trans-FA were significantly higher in suckling compared to 218 

intensively fattened foals (P<0.01). Similarly, the PUFA content was higher in 219 

samples from suckling (36.6 %) than concentrate-fed foals (19.5 %; P<0.001; Table 220 

2), and it was attributable to all n-3 (P<0.001) and most n-6 PUFA (P<0.01), except 221 

22:5n-6 that was higher in fattened foals. A more favorable P/S ratio was obtained in 222 

meat from suckling foals (P<0.001), while the n-6/n-3 ratio was higher in fattened 223 

foals (P<0.001). 224 

 225 

Neutral and polar lipid composition of muscle 226 

Total FAME content (mg/100 g of fresh meat) and profile (percentages) of NL and PL 227 

fractions are shown in Table 3. The total FAME content in the NL fraction was 228 

significantly higher (2449 mg/100g of meat) in fattened compared to suckling foals 229 

(588 mg/100g of meat; P<0.001), which was mainly influenced by the increased 230 

content of oleic acid (9c-18:1; +758 mg/100 g of meat), 16:0 (+532 mg/100g) and 231 

palmitoleic acid (9c-16:1; +172 mg/100 g). In fattened foals, the overall FA 232 

composition of the NL fraction (Table 3) was fairly similar to that of the total lipids 233 

(Table 2), since this fraction represented 86.3 % of total lipids. In contrast, the PL 234 
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fraction remained fairly constant with an average muscle weight of 0.390 % (Table 3; 235 

P>0.05). Overall, the PL represented a higher percentage of the total lipids in suckling 236 

(39.9 %) compared to fattened foals (13.7 %). The main FA constituents 237 

(representing > 5 %) of the NL fraction were 16:0 (average value of 27.2 %), 9c-18:1 238 

(average value of 26.8 %), LNA (average value of 9.52 %), and LA (average value of 239 

7.78 %), which together represented an average of 71.2 % of the total FA. In the PL 240 

fraction, LA was the major FA (average value of 35.1 %), followed by 16:0 (average 241 

value of 19.7 %), 18:0 (average value of 11.4 %), and 9c-18:1 (average value of 7.06 242 

%), which together represented an average of 73.3 % of the total. 243 

In the NL fraction, most of the FA were significantly higher in suckling than fattened 244 

foals except for 16:0 (P<0.05), all the cis- (P<0.001) and several trans-MUFA 245 

(P<0.05), rumenic acid (RA; 9c,11t-18:2, P<0.001) and 22:5n-6 (P<0.05), while most 246 

of the remaining FA were greater in fattened foals. In the PL fraction, on the other 247 

hand, few differences were observed between studied groups. Some FA were 248 

significantly higher in suckling (BCFA, P<0.001; cis-MUFA, P<0.05; RA, P<0.001; 249 

trans-FA, P<0.001; 20:3n-6, P<0.01 and all n-3 PUFA, P<0.001), while others such as 250 

10t-18:1 (P<0.01) and the main n-6 PUFA (P<0.01) were significantly higher in 251 

fattened foals.  252 

The major FA present in the NL fraction of suckling and fattened foals were clearly 253 

differentiated, while the major FA in the PL fraction from both groups of animals 254 

showed a very close relationship (Figure 1). The NL fraction of suckling foals showed 255 

positive relationships with short-chain SFA (<15C), BCFA, unresolved NC-dienes 256 

(9c,13t-/8t,12c) and trienes (9c,12c,15t-/9t,12t,15c-), trans-FA and some individual n-257 
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3 PUFA (16:3 and 18:3; Figure 1), while the NL fraction of fattened foals was related 258 

to 16:0, the main cis- and trans-MUFA and RA that showed negative deposition 259 

preference values (Figure 2). Deposition of i-18:0 and 11t-18:1 was about equally 260 

distributed between the NL and PL fractions (deposition preference close to zero). 261 

There was no clear trend observed for the 9c,11t,15c-18:3 isomer, which in suckling 262 

foals deposited primarily in the NL fraction and in fattened foals deposited mainly in 263 

the PL fraction (Figure 2). Meanwhile, positive deposition preference values were 264 

observed for 18:0, 18:1 (11c-/12c-/15c-), some NC-dienes (9c,12t-/9t,12c-18:2), 265 

18:2n-6 and all LC-PUFA (n-6 and n-3), indicative of a favored deposition of them in 266 

the PL fraction (Figure 2). Even though deposition preferences were affected by the 267 

age and feeding of foals, it did not appear to modify the preferential pattern of 268 

incorporation into one or the other fraction. Overall, the higher and positive deposition 269 

preference values of LC-PUFA in the PL fraction of fattened foals could be due to the 270 

low content of these LC-PUFAs in NL fraction of concentrate-fed foals, while it was 271 

relatively constant in PL fraction of both groups of animals (Figure 2). 272 

 273 

Discussion 274 

As observed by others, differences in horse IM fat content were most likely related to 275 

age (Sarriés and Beriain, 2005; Franco et al., 2011; Domínguez et al., 2015) and/or 276 

associated feeding (Lorenzo et al., 2010; Franco et al., 2013; Franco and Lorenzo, 277 

2014; Lorenzo et al., 2014). Our results confirmed the higher moisture and protein 278 

content reported in extensively reared foals (Lorenzo et al., 2014). The ash content 279 

was also in agreement with the values reported in the literature, which ranged from 280 
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0.98 % in 6-10 year-old horses (Badiani et al., 1997) to 4.03 % in foals slaughtered at 281 

16 months of age (Sarriés and Beriain, 2005), and 1.11-1.33 % in 8-12 months of age 282 

donkey foals (Polidori et al., 2015).. 283 

In terms of lipid constituents, data obtained from a survey of horse loin steaks (n=82) 284 

collected in the northern Spain showed that the highest MUFA, and the lowest DMA, 285 

BCFA, and PUFA content (%) were found in samples with higher content of IM fat 286 

(Belaunzaran et al., 2017). Higher values of 16:0 and lower values of 18:0 were 287 

reported in tissues of concentrate-fed horses (Lorenzo et al., 2010) and higher MUFA 288 

values (50.2 %) were shown to be associated with concentrate-based diets (He et al., 289 

2005). We did not conduct gene expression of stearoyl-CoA desaturase, but the 290 

higher percentages of all cis-9 MUFAs, (14:1, 16:1, 17:1, 18:1 and 20:1; P<0.001) 291 

found in the fattened foals (Table 2) suggest a higher Δ9-desaturase activity in this 292 

group of animals, also reported by others (Daniel et al., 2004). The present study 293 

provides the first complete DMA composition of horse meat. Although acid-catalyzed 294 

transesterification procedures were used to methylate horse lipids (Lorenzo et al., 295 

2010; Sarriés et al., 2006), the expected DMA content was not reported. Very few 296 

studies report the plasmalogen content and composition in any meat (Kraft et al., 297 

2008; Aldai et al., 2011) even though there is increased interest of these compounds 298 

considering their important biological activities and their implication in the 299 

development of several human diseases (Nagan and Zoeller, 2001). Ether lipids 300 

represented an average value of 4.401 % of the total horse lipids and the 301 

plasmalogen composition could be valuable information from its nutritional point of 302 

view. We found that the DMA content was relatively independent of the IM fat level 303 

Formatted: Font: Italic
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between the two groups at approximately 0.0611 % by weight in horse meat. This 304 

meant that the relative proportion of DMA in the total fat of the foals would be diluted 305 

with the higher levels of IM fat level in fattened foals. The alkenyl chain composition 306 

was reported to consist mainly of saturated and monounsaturated moieties with 16:0, 307 

18:0 and 9c-18:1 predominating (Horrocks, 1972). However, in the current study we 308 

found small amounts of polyunsaturated alkenyl moieties of 18:2 and 18:3 in horse 309 

plasmalogens that will be reported separately.  310 

The formation and deposition of BCFA, CLA isomers and other biohydrogenation 311 

intermediates in horses is low largely due to minimal microbial metabolism of amino 312 

acids and PUFA in the small intestine. Microbial metabolites formed in the hindgut are 313 

generally poorly absorbed (Clauss et al., 2009). Nevertheless, we did find several 314 

metabolites which are believed to be linked to LNA biohydrogenation. These 315 

differences could be influenced by the higher availability of LNA and its metabolites in 316 

grass-fed mares’ milk (Malacarne et al., 2002) than in LA-rich (45.8 %) concentrate-317 

fed foals. On the other hand, the higher accumulation of RA in fattened foals was 318 

potentially related to the active Δ9-desaturase activity in IM fat, which converted 319 

vaccenic acid (11t-18:1) to RA, and is responsible for the formation of other 9c-320 

containing FA in animal tissues (Vahmani et al., 2016). Deposition of n-3 PUFAs in 321 

horse tissues was previously found to be significant under grazing conditions 322 

(Lorenzo et al., 2010), while the higher 22:5n-6 percentage observed in fattened foals 323 

could be associated with a compensatory accumulation of this FA due to a reduction 324 

of 22:6n-3 in this group of animals with low n-3 PUFA in their diet (Galli et al., 1974). 325 



16 

 

Regarding lipid fractions, present results agree with the general knowledge that fat 326 

accumulation occurs within the NL fraction while the PL content stays relatively 327 

constant (De Smet et al., 2004; Figure 1). Furthermore, the FA composition of the NL 328 

fraction will be largely influenced by the diet, while the FA composition of the PL will 329 

be less affected. Knowledge of the FA composition of both horse lipid fractions is 330 

helpful to assess the nutritional value of the meat product and how it will impact its 331 

shelf-life. The higher content of 18:0 found in PL fraction was consistent with the high 332 

content also found by others in horse IM fat compared to subcutaneous (SC) adipose 333 

tissue that consists primarily of triacylglycerols and is low in LC-PUFA (Sarriés et al., 334 

2006; Belaunzaran et al., 2017). Differences in DMA content between suckling and 335 

fattened foals were only observed in the NL fraction (Table 3). Neutral plasmalogens 336 

have been found in small amounts in mammalian tissues and in high amounts in 337 

some marine species (Hayashi et al., 1983). Interestingly, the DMA content located in 338 

the NL fraction of suckling foals was higher than values observed in mammalian 339 

tissues (Horrocks, 1972). 340 

Most of the MUFA were preferentially deposited in the NL fraction, except for some 341 

minor cis-18:1 isomers (i.e., 11c-, 12c-, and 15c-) that were mainly found in the PL 342 

fraction. It is of interest to note that Jerónimo et al. (2011) also showed a favored 343 

esterification of these particular isomers in the PL fraction of sheep muscle fat, and 344 

Emken et al. (1980) showed that human plasma lipids have a selective preference to 345 

incorporate 12c-18:1 compared to 9c-18:1. The function of the cis-18:1 isomers in the 346 

PL fraction remains unclear. However, contrary to the general principle of higher 347 

levels of PUFA found in PL compared to NL, we found that hexadecatrienoic acid 348 
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(16:3n-3) was only detected in the NL fraction. The reason could be that 16:3n-3 349 

originates from dietary galactolipids that is transferred from grass-fed mares’ milk to 350 

the suckling foals. Galactolipids are the main components of chloroplasts and 351 

thylakoid membranes of botanical species (Siebertz et al., 1979) and 16:3n-3 is 352 

present in high proportion at the sn-2 position of monogalactosyldiagylclycerol (Amara 353 

et al., 2010). Interestingly, the LNA content was found to be higher in NL compared to 354 

PL fraction in agreement with the higher content found in SC adipose tissue than in 355 

the IM fat of horse (Table 3) (He et al., 2005; Sarriés et al., 2006; Belaunzaran et al., 356 

2017). By contrast, LNA content in the PL fraction was lower due to the active 357 

conversion of LNA to LC n-3 PUFAs as membrane bound phospholipids reviewed by 358 

Pugh and Kates, (1979), which was also observed in ruminant species (Wood et al., 359 

2003). The LC-PUFAs are known to be essential membrane components in the cell 360 

regulating fluidity and metabolic functions (Spector and Yorek, 1985). The higher 361 

affinity for desaturation and elongation of LNA over LA has been previously described 362 

by others (Emken et al. 1992).  363 

 364 

Conclusions 365 

To our knowledge, this is the first report detailing the FA composition and their 366 

preference in the NL and PL fractions of horse muscle. It also provided for the first 367 

time the content of plasmalogenic lipids in horse meat. There were significant effects 368 

related to the age and associated feeding practice of foals which affected the IM fat 369 

content and the FA composition of NL and PL fractions. Samples from suckling foals 370 

were the leanest, and provided the highest content of DMA, PUFA and n-3 PUFA 371 
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both as % and as mg/100g of fresh meat. By contrast, the meat from concentrate-372 

finished foals had a higher IM fat level resulting in a greater accumulation of 16:0 and 373 

total MUFA in the NL fraction while muscle PL fraction retained a similar FA 374 

composition between these two animal groups. This study provided evidence that 375 

LNA was preferentially deposited in the NL fraction, but LC n-3 PUFAs were 376 

incorporated into the PL fraction. On the other hand, LA was preferentially 377 

incorporated in the PL fraction. Even though the LA percentages were higher in both 378 

lipid fractions in fattened foals, the leaner meat from suckling foals presented higher 379 

proportion of PL and, thus, provided higher percentage of LA located mainly in this 380 

lipid fraction. LC-PUFA deposition occurred primarily in the PL fraction suggesting 381 

their biological role in cell membrane structures and eicosanoid formation. High PUFA 382 

content of horse meat, LNA in NL and LC n-3 PUFAs in PL fraction, could represent 383 

an alternative product to ruminant meat, even though the n-3 content was not 384 

sufficiently high to receive a label as a source of n-3 FA. Further research will be 385 

needed to evaluate the influence of a higher content of PUFA on meat stability during 386 

storage and/or processing. 387 
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Table 1. Chemical composition (%) of Longissimus thoracis et lumborum muscle from suckling and 535 

fattened foals.  536 

 Chemical composition  Suckling  Fattened  SEM  P value 

 Fat (ether extract) 0.853 2.53 0.277 0.003

 Moisture 73.8 72.4 0.312 0.018

 Crude protein 23.9 21.9 0.403 0.007

 Ash 1.41 1.53 0.0511 0.303  537 

SEM, standard error of the mean. 538 

539 
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Table 2. Total fatty acid content (mg/100 g of fresh meat) and composition (mg/100g of fresh meat 540 

and %) of Longissimus thoracis et lumborum muscle from suckling and fattened foals. 541 

 Suckling  Fattened  SEM  P value  Suckling  Fattened  SEM  P value 

Total FAME 996 2854 272 <0.001

SFA 363 1029 99.1 <0.001 36.3 36.0 23.3 0.659

14:0 32.8 95.1 9.68 <0.001 3.22 3.30 0.389 0.745

16:0 230 761 78.2 <0.001 23.0 26.5 0.0249 <0.001

18:0 76.5 144 9.97 <0.001 7.76 5.09 0.0128 <0.001

BCFA 5.32 5.78 0.273 0.429 0.534 0.206 0.00162 <0.001

i -16:0 1.47 1.90 0.0987 0.026 0.148 0.0680 0.00611 <0.001

ai -17:0 1.15 1.12 0.0634 0.785 0.115 0.0394 0.00693 <0.001

i -18:0 0.682 0.680 0.0325 0.971 0.0689 0.0242 0.0146 <0.001

DMA 57.4 65.4 1.64 0.009 5.88 2.37 0.971 <0.001

MUFA 201 1201 146 <0.001 19.9 41.6 0.00183 <0.001

cis -MUFA 199 1192 145 <0.001 19.7 41.3 0.0111 <0.001

9c -16:1 25.0 196 25.4 <0.001 2.45 6.75 0.0366 <0.001

9c -18:1 141 883 109 <0.001 13.9 30.6 0.00249 <0.001

11c -18:1 19.1 60.2 6.10 <0.001 1.93 2.10 2.07 0.083

trans -MUFA 2.10 8.57 0.922 <0.001 0.210 0.301 2.54 <0.001

9t -18:1 0.713 4.27 0.515 <0.001 0.0704 0.149 0.00308 <0.001

10t -18:1 0.255 0.807 0.0818 <0.001 0.0257 0.0282 0.0114 0.451

11t -18:1 0.419 1.13 0.0996 <0.001 0.0422 0.0408 0.00421 0.756

CLA 1.11 2.90 0.269 <0.001 0.112 0.102 0.0180 0.065

9c ,11t - 0.407 1.28 0.129 <0.001 0.0410 0.0448 0.00312 0.018

NC-dienes 1.56 2.76 0.200 0.003 0.159 0.0975 0.0574 <0.001

Trienes 2.13 2.16 0.0711 0.869 0.216 0.0781 0.00176 <0.001

trans -FA 4.85 11.9 1.05 <0.001 0.488 0.420 0.00173 0.009

PUFA 361 542 29.1 <0.001 36.6 19.5 1.92 <0.001

n-6 216 427 30.5 <0.001 22.1 15.4 0.00489 <0.001

16:2n-6 0.395 0.943 0.0912 <0.001 0.0392 0.0338 1.59 0.248

18:2n-6 181 374 28.0 <0.001 18.5 13.4 0.00640 0.002

20:2n-6 3.17 7.78 0.663 <0.001 0.325 0.278 0.00246 0.071

20:3n-6 7.73 8.12 0.231 0.424 0.791 0.291 0.0215 <0.001

20:4n-6 22.6 31.2 1.30 <0.001 2.31 1.14 0.0786 <0.001

22:4n-6 0.913 2.90 0.273 <0.001 0.0936 0.106 0.000885 0.267

22:5n-6 0.375 1.36 0.136 <0.001 0.0385 0.0493 0.0113 0.033

n-3 143 114 7.39 0.042 14.4 4.09 0.00399 <0.001

16:3n-3 0.526 0.582 0.0376 0.484 0.0521 0.0206 1.83 <0.001

18:3n-3 91.2 87.1 5.76 0.733 9.03 3.11 0.01002 <0.001

20:3n-3 5.56 4.01 0.289 0.003 0.563 0.144 0.00247 <0.001

20:4n-3 1.33 0.765 0.105 0.003 0.133 0.0269 0.0548 <0.001

20:5n-3 14.5 3.22 1.54 <0.001 1.48 0.117 0.0192 <0.001

22:5n-3 20.8 13.8 0.989 <0.001 2.14 0.502 0.00280 <0.001

22:6n-3 7.74 3.36 0.591 <0.001 0.792 0.122 0.226 <0.001

n-6/n-3 1.55 3.77 0.306 <0.001

P/S 1.01 0.545 0.0692 <0.001

 % 
Fatty acid

 mg/100 g of meat 

 542 
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 543 

SEM, standard error of the mean; FAME, fatty acid methyl esters; SFA, saturated fatty acids; BCFA, 544 

branched-chain fatty acids; i, iso; ai, anteiso; DMA, dimethylacetal; MUFA, monounsaturated fatty 545 

acids; CLA, conjugated linoleic acids; NC, non-conjugated; PUFA, polyunsaturated fatty acids; P/S, 546 

polyunsaturated fatty acids/saturated fatty acids. 547 

trans-FA: summatory of all fatty acids with at least one double bond in trans configuration except CLA 548 

isomers. 549 
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Table 3. Total fatty acid content (mg/100 g of fresh meat) and composition (%) of neutral and polar 550 

lipid fractions of Longissimus thoracis et lumborum muscle from suckling and fattened foals. 551 

 Suckling  Fattened  SEM  P value  Suckling  Fattened  SEM  P value 

Total FAME 588 2449 273 <0.001 390 389 8.57 0.936

SFA 40.9 36.9 0.648 <0.001 32.2 31.9 0.275 0.549

14:0 5.54 3.80 0.254 <0.001 0.257 0.1869 0.0118 <0.001

16:0 26.4 28.0 0.361 0.020 20.0 19.4 0.200 0.189

18:0 5.36 3.94 0.203 <0.001 11.3 11.6 0.193 0.435

BCFA 0.838 0.251 0.0807 <0.001 0.291 0.138 0.0214 <0.001

i -16:0 0.264 0.0877 0.0245 <0.001 0.0588 0.0366 0.00367 <0.001

ai -17:0 0.155 0.0438 0.0152 <0.001 0.0701 0.0263 0.00616 <0.001

i -18:0 0.0732 0.0258 0.00663 <0.001 0.0764 0.0203 0.00762 <0.001

DMA 5.25 1.35 0.627 <0.001 4.93 5.87 0.493 0.363

MUFA 27.1 47.7 2.83 <0.001 11.4 10.5 0.203 0.017

cis -MUFA 26.8 47.4 2.83 <0.001 11.3 10.3 0.204 0.016

9c -16:1 3.98 7.88 0.551 <0.001 0.482 0.449 0.0119 0.176

9c -18:1 19.2 35.4 2.24 <0.001 7.47 6.60 0.183 0.011

11c -18:1 1.63 2.07 0.0743 <0.001 2.36 2.24 0.0546 0.310

trans -MUFA 0.291 0.327 0.00801 0.019 0.169 0.182 0.00699 0.376

9t -18:1 0.104 0.173 0.00964 <0.001 0.0445 0.0480 0.00108 0.109

10t -18:1 0.0317 0.0296 0.00137 0.446 0.0167 0.0230 0.00120 0.003

11t -18:1 0.0456 0.0341 0.00248 0.014 0.0470 0.0437 0.00141 0.266

CLA 0.101 0.105 0.00213 0.366 0.0956 0.0993 0.00310 0.568

9c ,11t - 0.0404 0.0532 0.00200 <0.001 0.0318 0.0205 0.00172 <0.001

NC-dienes 0.149 0.0797 0.0102 <0.001 0.144 0.144 0.00346 0.987

Trienes 0.186 0.0534 0.0183 <0.001 0.270 0.269 0.00959 0.972

trans -FA 0.578 0.441 0.0219 <0.001 0.411 0.341 0.0135 0.005

PUFA 24.7 13.3 1.65 <0.001 50.3 50.7 0.352 0.546

n-6 7.83 9.18 0.434 0.126 39.3 46.8 1.06 <0.001

16:2n-6 0.0583 0.0368 0.00390 0.002 0.00857 0.00989 0.000560 0.254

18:2n-6 7.05 8.61 0.426 0.064 32.2 38.3 0.871 <0.001

20:2n-6 0.180 0.194 0.00775 0.372 0.485 0.675 0.0285 <0.001

20:3n-6 0.165 0.0860 0.0123 <0.001 1.57 1.32 0.0491 0.004

20:4n-6 0.311 0.175 0.0227 <0.001 4.70 5.77 0.206 0.004

22:4n-6 0.0343 0.0379 0.00212 0.425 0.163 0.446 0.0393 <0.001

22:5n-6 0.00923 0.0131 0.00081 0.020 0.0714 0.225 0.0217 <0.001

n-3 16.8 4.15 1.72 <0.001 10.8 3.82 0.939 <0.001

16:3n-3 0.0720 0.0105 0.00856 <0.001 - -

18:3n-3 14.7 3.64 1.50 <0.001 1.65 0.343 0.176 <0.001

20:3n-3 0.499 0.137 0.0497 <0.001 0.586 0.164 0.0573 <0.001

20:4n-3 0.102 0.0265 0.0104 <0.001 0.168 0.0241 0.0200 <0.001

20:5n-3 0.243 0.0319 0.0291 <0.001 2.91 0.530 0.327 <0.001

22:5n-3 0.692 0.183 0.0738 <0.001 3.87 2.13 0.235 <0.001

22:6n-3 0.207 0.0360 0.0243 <0.001 1.44 0.532 0.123 <0.001

Fatty acid
 Neutral Lipids  Polar Lipids 

 552 



30 

 

 553 

SEM, standard error of the mean; FAME, fatty acid methyl esters; SFA, saturated fatty acids; BCFA, 554 

branched-chain fatty acids; i, iso; ai, anteiso; DMA, dimethylacetal; MUFA, monounsaturated fatty 555 

acids; CLA, conjugated linoleic acids; NC, non-conjugated; PUFA, polyunsaturated fatty acids; P/S, 556 

polyunsaturated fatty acids/saturated fatty acids. 557 

trans-FA: summatory of all fatty acids with at least one double bond in trans configuration except CLA 558 

isomers. 559 

560 
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[insert Figure 1] 561 

 562 

Figure 1. Loading variables and horse muscle neutral (suckling , fattened ) and polar (suckling , 563 

fattened ) lipids distribution on the two-dimensional coordinate system defined by principal 564 

component (PC) 1 and PC2. 565 

FA, fatty acids; SFA, saturated fatty acids; BCFA, branched-chain fatty acids; MUFA, 566 

monounsaturated fatty acids; CLA, conjugated linoleic acids; NC, non-conjugated; PUFA, 567 

polyunsaturated fatty acids; c, cis. 568 

 569 

 570 

 571 

 572 

[insert Figure 2] 573 

 574 

Figure 2. Deposition preference of main fatty acids into neutral (negative values) or polar lipid 575 

(positive values) fraction of Longissimus thoracis et lumborum muscle from suckling and fattened 576 

foals. Deposition preferences were calculated according to the logarithm of (individual fatty acid in 577 

percentage basis in the polar lipid fraction divided by the same fatty acid in percentage basis in the 578 

neutral lipid fraction). 579 

SFA, saturated fatty acids; BCFA, branched-chain fatty acids; MUFA, monounsaturated fatty acids; 580 

CLA, conjugated linoleic acids; NC, non-conjugated; PUFA, polyunsaturated fatty acids; i, iso; ai, 581 

anteiso; c, cis; t, trans. 582 

Error bars indicate the standard error of the mean for each group. 583 

*, P<0.05; **, P<0.01; ***, P<0.001. 584 
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Response to REVIEWER 1: 
 
- L209-210. Even if it has been one referee's comment, these data are not 'content' but 
'percentage'. This is properly mentioned in the Table and should be corrected in the text. 
 
Response: With due respect, we do not see a problem with the description of the results in this 
section. According to the English language “content” is defined as “amount contained” and it can 
be given as % or as mg. In our case, we clearly indicated at the beginning of the paragraph that 
we are talking about percentages and then in order to switch or change terminology we included 
“content” term couple of times. Having included the term “quantity or content in absolute basis” 
and giving the data in % could have been incorrect, but not in this case. 
 
- L279-281. Although one of the reviewers has suggested several manuscripts to be included, 
authors do not have to include all of them unless they are necessary, in order not too exceed too 
much the number of citations. In this case, there is no point in referencing an idea (the feeding or 
the age) with three of four citations each, without adding anything to the discussion. Authors 
should choose among them. On the other hand, I completely disagree with the reasons given to 
the opposite reviewer about Polidori et al., 2015. I accept that ruminants discussion might not be 
neccesary in this manuscript, but if there is a reason why other data do not match our findings, it 
is worth to be explained. 
 
Response: As requested, we have now deleted a Lorenzo et al reference and inserted Polidori et 
al reference in the text (chemical composition section). As we indicated in the previous rebuttal, 
we consider Polidori reference not very adequate for our FA discussion because surprisingly they 
have not found any differences in the total fat content and FA profile between donkey foals 
slaughtered at 8 or 12 months which could well be related to methodology (inadequate) or inter-
species differences, and therefore, other more relevant horse specific references have been cited 
to support our statements. 
 
- L338. Correct suckling 
Response: Corrected accordingly. 
 
We have made other few editorial corrections to improve the manuscript, and we would also like 
to take this opportunity to thank the reviewers and the editor for their very helpful insights and 
suggestions. 

Response to Referee Comments
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