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Abbreviations
1(3)-MAG  sn-1(3)-Monoacylglycerol
1,2(2,3)-DAG  sn-1,2(2,3)-Diacylglycerol
1,3-DAG  sn-1,3-Diacylglycerol
1-MAG  sn-1-Monoacylglycerol
2-MAG  sn-2-Monoacylglycerol
BSDL  Bile salt-dependent lipase
DAG  Diacylglycerol(s)
DGAT  Diacylglycerol acyltransferase
FAF-BSA  Fatty acid free bovine serum albumin
FFA  Unesterified fatty acids
Gro-3-P  Glycerol-3-phosphate
HBSS  Hank’s balanced salt solution
HPTLC  High performance thin layer 

chromatography
lysoPtdOH  Lysophosphatidic acid
MAG  Monoacylglycerol(s)
MEM  Minimum essential medium
MGAT  Monoacylglycerol acyltransferase
MGL  Monoacylglycerol lipase
MS222  Tricaine methanesulfonate
PtdCho  Phosphatidylcholine
PtdEtn  Phosphatidylethanolamine
PtdIns  Phosphatidylinositol
PtdOH  Phosphatidic acid
PtdSer  Phosphatidylserine
TAG  Triacylglycerol(s)

Introduction

In mammals, pancreatic lipase (EC: 3.1.1.3) is the major 
lipase for triacylglycerol (TAG) digestion [1]. Although 
it has a strong sn-1,3-specificity towards TAG, it will also 
hydrolyze in 1 and 3 positions of TAG producing small 
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amounts sn-1-monoacylglycerols (1-MAG) and sn-3-mon-
oacylglycerols (3-MAG), respectively, in addition to the 
main product sn-2-monoacylglycerols (2-MAG) [2]. Mam-
mals also possess bile salt-dependent lipase (BSDL; EC: 
3.1.1.1) that has lower activity than pancreatic lipase [3]. 
BSDL has low positional specificity and will produce a 
variety of MAG in addition to the complete hydrolysis to 
glycerol and free fatty acids (FFA) [4, 5]. Overall, these 
processes will generate 2-MAG, FFA and glycerol as the 
major products of TAG digestion followed by small but sig-
nificant amounts of 1-MAG and 3-MAG.

Fish do not seem to have a typical pancreatic lipase [6]. 
Rather the main digestive lipase appears to be versions of 
the BSDL [6], as shown in rainbow trout (Oncorhynchus 
mykiss) [7], red sea bream (Pagrus major) [8] and Atlan-
tic salmon (Salmo salar) [9]. In most cases, fish BSDL 
appears to share the similarities of the mammalian BSDL 
in that it shows low positional specificity, attacking all three 
positions of TAG. Experimental incubations with midgut 
extract in Atlantic salmon have shown that all varieties of 
MAG are produced during TAG digestion with nearly half 
being 1,(3)-MAG [10]. Other studies have indicated some 
sn-1,3 specificity in Atlantic cod (Gadus morhua) [11, 12].

Following luminal digestion, all types of MAG are 
absorbed into enterocytes for further metabolism. The 
2-MAG are quickly processed into TAG via the sequen-
tial acylation by monoacylglycerol acyltransferase (EC: 
2.3.1.22, MGAT) and diacylglycerol acyltransferase (EC: 
2.3.1.20, DGAT), the so-called MGAT pathway. When 
TAG is completely hydrolyzed to FFA and glycerol, the 
resynthesis of TAG needs to undergo the de novo pathway 
from glycerol-3-phosphate (Gro-3-P) pathway. It involves 
acylation of Gro-3-P into lyso-phosphatidic acid (lysoPt-
dOH), and then conversion to phosphatidic acid (PtdOH), 
which is hydrolyzed to 1,2-DAG and finally acylated to 
TAG by DGAT. It is an energy consuming pathway and is 
often observed in liver and adipose tissue rather than the 
intestine [13]. As in mammals, the MGAT pathway is well 
functioning in the intestine of Atlantic salmon [14, 15], sea 
bream (Sparus aurata) [16] and Atlantic cod [17].

However, as opposed to mammals, many fish species 
are also expected to produce significant amounts of 1- and 
3-MAG during digestion that need to be processed effi-
ciently following uptake into enterocytes. The fate of these 
MAG is, however, not well described in mammals, and not 
at all in fish. One possible pathway described in mammals 
is the hydrolysis of 1-MAG by monoacylglycerol lipase 
(EC: 3.1.1.23, MGL) to produce FFA and glycerol, which 
are then used as substrates for resynthesis of TAG through 
the Gro-3-P pathway [18, 19]. Alternatively, 1(3)-MAG can 
proceed to 1,3-DAG through the MGAT pathway [20, 21]. 
However, in mammals, DGAT does not seem to utilize this 
efficiently for TAG synthesis leading to the accumulation 

of 1,3-DAG [22]. Such DAG oil is becoming popular 
for humans because its possible anti-obesity effect [23], 
increasing fat oxidation and decreasing body weight [24]. 
If 1,3-DAG oil has a similar anti-obesity effect for fish, 
it would be detrimental in aquaculture when produced in 
large amounts, causing slower growth of fish.

Therefore, to gain better understanding of the metabolic 
fate of different MAG, the present study compares the fate 
of 2-MAG and 1(3)-MAG in isolated caecal enterocytes 
and hepatocytes of brown trout (Salmo trutta). To achieve 
this, radiolabeled 2-MAG and 1(3)-MAG were used as sub-
strates for in vitro incubations. The incorporation of label 
into different lipid classes was analyzed and the pathways 
involved were discussed.

Materials and Methods

Experimental Fish

This study was carried out within the Norwegian animal 
welfare act guidelines, in accordance with the Animal Wel-
fare Act of 20th December 1974, amended 19th June 2009, 
at a facility with permission to conduct experiments on fish 
(code 93) provided by the Norwegian Animal Research 
Authority (FDU, http://www.fdu.no). The experiment was 
approved by the Norwegian Animal Research Authority 
(NARA).

Brown trout were purchased from Settefiskanlegget Lun-
damo AS, and ranged from 400 to 700 g. They were kept 
at 10 °C in freshwater, with natural daylight regime at the 
experimental facility of NTNU Sealab in Trondheim, Nor-
way. Fish were fed a standard commercial diet (Skretting 
AS) and they were starved for 48 h before the experiment.

Isolation of Caecal Enterocytes and Hepatocytes

Fish were killed by an overdose of MS222. The enterocytes 
and hepatocytes were prepared as described previously 
[25], with minor modification. In brief, pyloric caeca was 
dissected, cleaned of adhering tissue, finely chopped with 
scissors and incubated with 20 ml of Solution A [Hank’s 
balanced salt solution (HBSS) supplemented with 10 mM 
HEPES and 1 mM EDTA], containing 1 mg ml−1 colla-
genase for 45 min in an incubator at 20 °C. The digested 
tissue were filtered through a 100-μm cell strainer and the 
cells were collected by centrifugation at 500g for 5 min. 
The cell pellet was washed with 20 ml of solution A con-
taining 10 mg ml−1 fatty acid free bovine serum albumin 
(FAF-BSA) and re-centrifuged at 500g for 3 min. The 
cell pellet was then washed with 30 ml freshly prepared 
solution B (calcium free minimum essential medium 
(MEM) supplemented with 100 U Penicillin ml−1, 100 μg 

http://www.fdu.no
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Streptomycin ml−1, 0.25 µg Amphotericin B ml−1 and pH 
adjusted to 7.1–7.4 by sodium bicarbonate) and re-centri-
fuged at 500g for 3 min. The final cell pellet was resus-
pended in 10 ml of solution B. The liver was perfused via 
the hepatic vein and it was then treated the same as pyloric 
caeca.

For protein analysis of enterocytes and hepatocytes, 
100 µl of the cell suspensions were collected and assayed 
by the method of Lowry [26].

Preparation of sn‑1(3)‑Monoacylglycerol (1(3)‑MAG) 
and sn‑2‑Monoacylglycerol (2‑MAG)

Both 1(3)-Oleoyl [9,10-3H(N)]-glycerol and 2-Oleoyl 
[9,10-3H(N)]-glycerol were prepared by pancreatic lipase 
(porcine pancreas, Sigma-Aldrich Co. MO) digestion of tri-
olein [9,10-3H(N)] (American Radiolabeled Chemicals, Inc. 
MO) as described in detail by Oxley et al. [15], based on the 
method of Myher and Kuksis [27]. In brief, 10 mg of cold 
triolein was mixed with 50 μCi hot triolein, dried under a 
stream of nitrogen, and suspended in 1 ml of buffer (1 M 
Tris-pH 8, 100 g l−1 gum Arabic, 25 g l−1 CaCl2). Then 1 ml 
of buffer containing 10 mg of pancreatic lipase was added to 
the mixture, vortexed vigorously for 30 s and then incubated 
at 37 °C for 30 min. The reaction was terminated by 4 ml 
of ice-cold diethyl ether, and the upper phase was collected 
after centrifugation. The extraction was repeated four times 
with 2 ml of diethyl ether. The pooled diethyl ether passed 
through an anhydrous Na2SO4 column, evaporated under 
nitrogen and re-suspended in 30 µl of chloroform.

Both 1(3)-MAG and 2-MAG were separated on HPTLC 
(high performance thin layer chromatography) plates 
impregnated with boric acid (25 mg ml−1 in ethanol/water 
1:1, by vol), in a chloroform/acetone (88:12, by vol) sol-
vent system [28]. Lipid bands were visualized under UV 
light after spraying with 1 mg ml−1 2,7-dichlorofluores-
cein in methanol/water (95:5, by vol). Both 1(3)-MAG 
and 2-MAG were extracted from silica four times with 
2 ml of chloroform/acetone (9:1, by vol) followed by rins-
ing the mixture with 2 ml of ice-cold water twice [29]. 
The hypophase was collected, passed through an anhy-
drous column and evaporated under N2. Both 1(3)-MAG 
and 2-MAG were dried in a vacuum desiccator for 30 min, 
weighed, resuspended in chloroform, and the specific activ-
ity determined. The yield of 2-MAG and 1-MAG was 18.7 
and 3.6%, respectively, with purity better than 90% when 
stored in −80 °C and analyzed by borate-TLC before and 
after the experiments.

Incubation of Enterocytes and Hepatocytes

Either 1(3)-MAG or 2-MAG (40 µM final concentra-
tion, 0.06 μCi for each) were dried under N2, dissolved in 

ethanol (0.25% volume of the final volume), and subse-
quently dispersed in 40 µM FAF-BSA solution (50 mg ml−1 
in solution B). The mixture was sonicated in ice-cold water 
for 5 min and used immediately to minimize isomerization.

The cell suspension was distributed in 1.895 ml ali-
quots and mixed with 0.105 ml of each radiolabeled MAG-
BSA solution. After incubation for 15 min and 120 min 
at 20 °C, the cells were isolated by centrifugation at 500g 
for 2 min. To determine the exported lipids, 0.2 ml of the 
supernatant was transferred to a glass tube containing 
2.5 ml ice-cold chloroform/methanol (2:1, by vol). The 
cell pellet was washed with 2 ml FAF-BSA in solution B 
(10 mg ml−1), re-centrifuged at 500g for 2 min and homog-
enized in 2.5 ml of ice-cold chloroform/methanol (2:1, by 
vol). Total lipid from the incubation medium and cell pellet 
was extracted according to Folch et al. [30]. The hypophase 
was transferred into a GC vial, evaporated under N2 and re-
suspended in 20 µl of chloroform. The same procedure was 
repeated four times with fresh cells isolated from different 
fish individuals.

Lipid Class Separation

The major lipid classes were separated by double-develop-
ment HPTLC [31]. HPTLC silica gel 60 plates without flu-
orescent indicator (10 × 10 cm, Merck KGaA Darmstadt, 
Germany) were activated at 110 °C for 1 h and 10 µl of the 
extracted lipid sample was applied as a 1 cm streak by a 
glass micro-syringe, along with oleic acid standards. The 
plates were first developed to a distance of 4.5 cm from the 
origin using methyl acetate/isopropanol/chloroform/metha-
nol/0.25% KCl (25:25:25:10:9, by vol) solvent system, 
dried briefly by a hair drier for 10 s and then placed in a 
desiccator over dry NaOH for 30 min. Subsequently, plates 
were developed in hexane/diethyl ether/glacial acetic acid 
(80:20:2, by vol) to 8.8 cm from the origin.

1(3)-MAG, 2-MAG, 1,3-DAG and 1,2(2,3)-DAG were 
separated by borate-TLC plates (produced as described 
above), using chloroform/acetone (96:4, by vol) as the 
solvent system. A mixture of standards of 1-monoolein, 
2-monoolein, 1,3-diolein, 1,2-diolein and oleic acid was 
added together with 10 µl of the extracted lipid sample.

Lipid bands were visualized by exposure to iodine 
vapors and quickly marked with a pencil. Each lipid band 
was scraped into respective scintillation vials containing 
10 ml of scintillation cocktail and the amount of radioactiv-
ity determined by a liquid scintillation counter.

Calculations and Statistical Analysis

The cellular retained lipid was expressed in nmol mg−1 pro-
tein and was calculated as the sum of radioactivity recov-
ered from cellular lipid classes, unesterified fatty acids and 
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MAG. The experimental data were tested for statistical 
significance by using Independent-Samples t test or two-
way analysis of variance (ANOVA) with time and MAG 
treatment as the two factors. Differences were considered 
significant if P < 0.05. All of the statistical tests were per-
formed using SPSS 23 for Windows. All Tables were made 
in Excel 2010 and Figures by Sigma Plot 13.0.

Results

Total Retained Cellular Lipids

The total retained lipids in enterocytes and hepatocytes 
showed no significant differences between 15 and 120 min 

(Fig. 1). In general, the retained lipids derived from 2-MAG 
were slightly higher than those from 1(3)-MAG, but the dif-
ferences were not significant in enterocytes (P > 0.05) and 
close to significant in hepatocytes (P = 0.052). The aver-
age of retained lipids in enterocytes (3.89 ± 1.46 nmol mg 
protein−1) was significantly higher (P < 0.05, t-test) than in 
hepatocytes (2.45 ± 0.64 nmol mg protein−1).

Exported PtdCho and TAG

The exported PtdCho and TAG were determined by analyz-
ing the lipid classes in the medium. No significant differ-
ences were found between 1(3)-MAG and 2-MAG treat-
ment (Fig. 2), though slightly higher PtdCho and TAG 
levels were found in the 2-MAG treatment of hepatocytes 
at 120 min (Fig. 2b, d). In enterocytes, the exported Ptd-
Cho did not increase significantly after 120 min of incu-
bation (Fig. 2a), but the exported TAG were significantly 
increased (Fig. 2c). In hepatocytes, both exported PtdCho 
and TAG increased significantly after 120 min incubation 
(Fig. 2b, d).

Lipid Classes

Figure 3 shows the distribution of radiolabeling in lipid 
classes of enterocytes and hepatocytes at 15–120 min. 
Similar patterns were found, with TAG and MAG being 
the predominating lipid classes, followed by PtdCho. The 
main differences between the 1(3)-MAG and 2-MAG 
treatments observed were the distribution pattern of these 
three lipid classes (TAG, MAG and PtdCho). The cellu-
lar retained MAG were higher in the 1(3)-MAG treatment 
(P < 0.05, t-test) compared to that from the 2-MAG treat-
ment. Radiolabeled TAG derived from 2-MAG was signifi-
cantly higher (P < 0.05, t-test) than that from 1(3)-MAG 
in both enterocytes and hepatocytes at 15 min. However, 
at 120 min, these differences became non-significant. In 
enterocytes, radiolabeled PtdCho was significantly higher 
in 2-MAG treatment compared to 1(3)-MAG treatment at 
both 15 and 120 min, but no significant differences were 
found in hepatocytes. There were no significant differ-
ences between the treatments in the other lipid classes 
(PtdSer&PtdIns, PtdEtn and DAG) and FFA.

Two way ANOVA analysis using time and treatment as 
factors (Table 1) was performed to compare the distribution 
of radiolabeling in the different lipid classes. Significant 
differences between the treatments were found for PtdCho, 
MAG and TAG in enterocytes; and for MAG and TAG in 
hepatocytes. The radiolabeled PtdCho, PtdSer&PtdIns and 
PtdEtn increased significantly with time in both entero-
cytes and hepatocytes. Meanwhile, the cellular radiolabeled 
TAG remained stable. Accordingly, the PtdCho:TAG ratio 
increased significantly at 120 min compared to 15 min. 
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Fig. 1  Total retained lipids in enterocytes (a) and hepatocytes (b) 
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(grey). Columns represent the means of four replicates ± SD. Main 
effects of time, treatment and the interaction between the two were 
determined by two-way ANOVA. NS not significant
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Fig. 2  Exported PtdCho 
(a, c) and TAG (b, d) from 
enterocytes and hepatocytes 
incubated with 1(3)-MAG 
(black) or 2-MAG (grey). 
Columns represent the means 
of four replicates ± SD. Main 
effects of time, treatment and 
the interaction between the two 
were determined by two-way 
ANOVA. NS not significant
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There was a dramatic decrease in radiolabeled MAG from 
15 to 120 min, but the remaining cellular MAG from the 
1(3)-MAG treatment was still high compared to other lipid 
classes at 120 min (Fig. 3b), especially for enterocytes.

The averagess of all the phospholipids (PtdCho, 
PtdSer&PtdIns and PtdEtn) and PtdCho:TAG ratios in 
hepatocytes were significantly higher than that in entero-
cytes (P < 0.05, t-test), whereas the neutral lipids (MAG, 
DAG and TAG) and FFA were similar (P > 0.05, t-test).

Percentage of MAG and DAG Species

In order to better understand the metabolism pathway of 
different MAG, the cellular MAG and DAG were further 
separated into 1(3)-MAG, 2-MAG, 1,2(2,3)-DAG and 
1,3-DAG by borate-TLC plates. The cellular 1(3)-MAG 

derived from added 1(3)-MAG decreased slightly 
from 15 min (30.5 ± 7.9%) to 120 min (25.6 ± 9.5%) 
(P > 0.05) in enterocytes, which was significantly higher 
compared to the retained 1(3)-MAG derived from 2-MAG 
substrate (Fig. 4a). In hepatocytes, the cellular 1(3)-MAG 
derived from 1(3)-MAG substrate was significantly higher 
than that from 2-MAG substrate, but it decreased sig-
nificantly from 15 to 120 min (Fig. 4b). On the contrary, 
the cellular 2-MAG showed no significant differences 
between the two treatments in either enterocytes or hepat-
ocytes (Fig. 4c, d), suggesting a fast utilization of 2-MAG 
in the cells. There was a slight but significant decrease in 
the cellular 2-MAG from 15 to 120 min in both entero-
cytes and hepatocytes.

In enterocytes, the retained 1,2(2,3)-DAG derived from 
the 2-MAG substrate was significantly higher than that 
from 1(3)-MAG substrate, and the 1,2(2,3)-DAG level 
remained stable from 15 to 120 min (Fig. 5a). In hepato-
cytes, the retained 1,2(2,3)-DAG also remained stable, but 
no significant difference was found between the treatments 
(Fig. 5b). Surprisingly, the retained 1,3-DAG was not dif-
ferent between the two treatments in enterocytes (Fig. 5c), 
and only slightly different (P < 0.05) in hepatocytes 
(Fig. 5d). The 1,3-DAG level remained low and stable at 15 
and 120 min.

Percentage of 1(3)‑MAG and 1,3‑DAG of Total Cellular 
MAG and DAG

In order to better understand the fate of 1(3)-MAG and 
1,3-DAG, the data in Fig. 6 are presented as the percent-
ages of radiolabeled 1(3)-MAG or 1,3-DAG in total radi-
olabeled MAG or DAG. When enterocytes and hepatocytes 
were incubated with 1(3)-MAG, the cellular 1(3)-MAG 
accounted for more than 84% of the total MAG and it 
was stable (t-test) with time (Fig. 6a, b). In contrast, when 
cells were incubated with 2-MAG, the percentage of cel-
lular 1(3)-MAG of total MAG increased significantly from 
15 min to 120 min, which was mainly caused by isomeriza-
tion, but it was still significantly (t-test) lower compared to 
the levels in 1(3)-MAG treatment.

The synthesis of 1,3-DAG in the enterocytes accounted 
for 54% of the total DAG in the 1(3)-MAG treatment, 
which was significantly higher compared to the 2-MAG 
treatment (~25%) at both 15 and 120 min (Fig. 6c). Simi-
lar pattern was found for the hepatocytes, where 1,3-DAG 
synthesis accounted for ~30 versus ~15% in the 1(3)-MAG 
treatment compared to 2-MAG treatment (Fig. 6d). How-
ever, the percentage of 1,3-DAG of total DAG remained 
stable with time. These data suggested that 1,3-DAG is 
synthesized by the acylation of 1(3)-MAG in both entero-
cytes and hepatocytes.

Table 1  Two way ANOVA for the distribution of radioactivity of 
lipid classes in enterocytes and hepatocytes

The factors for two-way ANOVA were time (Ti) and treatment (Tr). 
Ti × Tr, interaction between the two factor

PtdCho phosphatidylcholine, PtdSer&PtdIns phosphatidylserine and 
phosphatidylinositol, PtdEtn phosphatidylethanolamine, MAG mono-
acylglycerol, DAG diacylglycerol, FFA free fatty acid, TAG triacylg-
lycerol, PtdCho:TAG ratio between phosphatidylcholine and triacylg-
lycerol, REST rest of radioactivity

* P < 0.05

** P < 0.001

P value

Time Treatment (2-MAG or 1(3)-
MAG)

Ti × Tr

Enterocytes

 PtdCho <0.001** <0.001** 0.467

 PtdSer&PtdIns 0.005* 0.504 0.837

 PtdEtn 0.006* 0.434 0.540

 MAG 0.002* <0.001** 0.168

 DAG 0.235 0.634 0.700

 FFA 0.285 0.557 0.816

 TAG 0.123 0.002* 0.529

 PtdCho:TAG 0.252 0.449 0.526

 REST 0.012 0.746 0.392

Hepatocytes

 PtdCho 0.027* 0.443 0.997

 PtdSer&PtdIns 0.018* 0.480 0.634

 PtdEtn 0.012* 0.885 0.903

 MAG 0.030* 0.004* 0.147

 DAG 0.323 0.220 0.527

 FFA 0.800 0.365 0.805

 TAG 0.471 0.004* 0.172

 PtdCho:TAG 0.191 0.634 0.991

 REST 0.015 0.397 0.981
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Fig. 4  Percentage radioactiv-
ity of 1(3)-MAG (a, b) and 
2-MAG (c, d) of total lipids of 
enterocytes and hepatocytes 
incubated with 1(3)-MAG 
(black) or 2-MAG (grey). 
Columns represent the means 
of four replicates ± SD. Main 
effects of time, treatment and 
the interaction between the two 
were determined by two-way 
ANOVA. NS not significant
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Fig. 5  Percentage radioactiv-
ity of 1,2(2,3)-DAG (a, b) and 
1,3-DAG (c, d) of total lipid 
of enterocytes and hepatocytes 
incubated with 1(3)-MAG 
(black) or 2-MAG (grey). 
Columns represent the means 
of four replicates ± SD. Main 
effects of time, treatment and 
the interaction between the two 
were determined by two-way 
ANOVA. NS not significant
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Discussion

In salmonids, results suggest that the bile activated lipase 
lacks the typical sn-1,3-specificity known to exist in mam-
malian pancreatic lipase. This could potentially result 
in the production of all types of MAG. How these MAG, 
especially 1(3)-MAG, are being processed in fish was not 
known. Therefore, the main objective of this study was to 
investigate the comparable metabolic fate of 1(3)-MAG 
and 2-MAG in enterocytes and hepatocytes of brown trout. 
The results showed that the fate of 2-MAG in fish was simi-
lar to that in mammals (efficiently incorporated into TAG), 
but there are major differences in the fate of 1(3)-MAG.

MAG Uptake and Lipoprotein (as TAG) Export

At low luminal concentrations (µM), the uptake of sn-2-mono-
olein was slower compared to the uptake of 18:1n-9 in Caco-2 
cells [32]. Previous studies have shown that the uptake of 
radiolabeled fatty acid by trout caecal enterocytes was close 
to 1 nmol mg−1 protein over a 2 h incubation period when 
incubated with 2 µM fatty acid [33]. In the present study, the 
retained lipids in enterocytes was higher (~4 nmol mg−1 pro-
tein), showing that the higher substrate concentrations (40 µM 
MAG) ensured a maximum uptake rate.

We also found that the retained fatty acids in enterocytes 
were significantly higher than hepatocytes. This agrees with 
findings from Diaz-Lopez et al. [34] who used radiolabeled 

free fatty acid (FFA) in gilthead seabream (Sparus aurata), 
indicating a general trend across species. The retained cel-
lular lipids did not increase at 120 min compared to 15 min, 
which could be explained by a significant (P < 0.05) export 
of lipoproteins (as TAG) at longer incubations as shown in 
Fig. 2.

Metabolic Fate of 2‑MAG and 1(3)‑MAG

It is well known that 2-MAG is efficiently reesterified to 
TAG via the MGAT pathway in enterocytes and hepato-
cytes in both mammals and fish [13–15, 17, 35]. In this 
respect, fish and mammals have similar enzyme specifici-
ties. The fate of 1(3)-MAG is however little studied in both 
mammals and fish. The lack of interest is probably due to 
the high efficiency of mammalian pancreatic lipase produc-
ing 2-MAG as the main degradation product [1]. However, 
in mammals significant amounts of 1(3)-MAG are still pro-
duced during lipid digestion [2], and in salmon, data indi-
cate that up to 50% of TAG may be digested to 1(3)-MAG 
[10].

In mammals, 1(3)-MAG has been suggested to be pro-
cessed through different pathways. Firstly, 1(3)-MAG 
could be hydrolyzed to FFA and glycerol by monoacylg-
lycerol lipase (MGL) and then synthesized to TAG fol-
lowing the Gro-3-P pathway. The argument for this path-
way can be suggested from Caco-2 cell cultures where 
20% of label was found in FFA following incubation with 

Fig. 6  Percentage radioactiv-
ity of 1(3)-MAG (a, b) and 
1,3-DAG (c, d) of total MAG 
and DAG of enterocytes and 
hepatocytes incubated with 
1(3)-MAG (black) or 2-MAG 
(grey). Columns represent the 
means of four replicates ± SD. 
Main effects of time, treatment 
and the interaction between the 
two were determined by two-
way ANOVA. NS not significant
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[3H] sn-2-monoolein for 2 h [32]. The typical enzyme for 
this, a MGL, has been found in many tissues in mammals 
[36–38]. The enzyme hydrolyzes 1-MAG and 2-MAG 
with similar efficiencies [39]. Likewise, in brown trout 
we found that 8% of label in absorbed MAG was recov-
ered in the FFA fraction after 2 h suggesting the possibil-
ity of a MAG lipase. The function of MGL in the intestine 
is unknown, but it could be part of a reorganization of the 
MAG [37, 38]. A recent study suggested MGL perform the 
same function in Grass carp (Ctenopharyngodon idella) as 
in mammals due to conserved gene structure and functional 
domain [40], but its contribution in the digestion processes 
remains to be explored.

Secondly, 1-MAG can be processed to 1,3-DAG by 
MGAT. As 1,3-DAG is a poor substrate for DGAT in mam-
mals, DAG has been reported to accumulate in the intes-
tine with slow processing to TAG. This has been shown 
to occur in rat intestinal microsomes [41], rat enterocytes 
[22, 23] and hamster intestinal mucosal homogenates [42]. 
Although we also observed a significantly slower utiliza-
tion of 1(3)-MAG compared to 2-MAG in both enterocytes 
and hepatocytes, the total DAG pool did not increase fol-
lowing incubation with 1(3)-MAG. The acylation to TAG 
could still have proceeded through 1,3-DAG though as it 
was still more than half of the DAG pool in the entero-
cytes incubated with 1(3)-MAG. If this is the case, then 
1,3-DAG would have been immediately utilized for synthe-
sis of TAG, which would require the presence of a DGAT 
with high activity towards 1,3-DAG. This remains to be 
demonstrated.

Alternatively, variants of the MGAT may possess sn-
2-acylation activity producing 1,2(2,3)-DAG from 1(3)-
MAG. Two such acyltransferases (MGAT1 and MGAT2) 
have been cloned from mouse showing some acylating 
activity towards both 1-MAG and 3-MAG in the sn-2 posi-
tion [20, 21]. In cell homogenates prepared from mouse 
MGAT2 transfected COS-7 cells, nearly 20% of the total 
DAG was 1,2(2,3)-DAG when the substrate was rac-
1-oleoylglycerol [21]. It is possible that some trout MGAT 
have similar activities. Our data showed that more than 40 
and 60% of the total DAG was 1,2 (2,3)-DAG, produced 
by enterocytes and hepatocytes, respectively, following 
incubation with 1(3)-MAG. This could be a natural con-
sequence of salmonids not having a 1,3-specific digestive 
lipase. Therefore, this pathway could contribute to the utili-
zation of 1(3)-MAG for TAG synthesis.

Finally, monoacylglycerol kinase (EC: 2.7.1.94) catalyz-
ing the biosynthesis of lysophosphatidic acid (lysoPtdOH) 
from 1-MAG has been demonstrated in brain of mammals 
[43]. The lysoPtdOH could be further acylated to phos-
phatidic acid (PtdOH) and finally to TAG or phospholip-
ids following the Gro-3-P pathway [13]. Theoretically, it 
is a more efficient pathway compared to the hydrolysis of 

MAG and phosphorylation of glycerol. However, it did not 
seem to be an important pathway in brown trout, because 
the label in phospholipids derived from 1(3)-MAG was not 
more than that derived from 2-MAG.

Hepatocytes Versus Enterocytes

In mammals, the MGAT pathway is the predominant path-
way for TAG synthesis in the intestine, whereas TAG is 
synthesized mainly via the Gro-3-P pathway in liver [13]. 
The Gro-3-P pathway will produce exclusively 1,2-DAG, 
while the MGAT pathway would produce all variants 
including 1,2-DAG and 2,3-DAG. While 1,2-DAG and 2,3-
DAG are both good substrates for DGAT for the produc-
tion of TAG, only 1,2-DAG can be used for the synthesis of 
PtdCho. This leads to a higher PtdCho:TAG ratio from the 
Gro-3-P pathway compared to the MGAT pathway [15]. 
In line with this, significantly higher PtdCho:TAG ratios 
were found in hepatocytes in the present study compared 
to enterocytes thus confirming the higher Gro-3-P pathway 
activity in hepatocytes in fish as well. In the 1(3)-MAG 
treatment, the cellular 1(3)-MAG level in hepatocytes 
decreased significantly at 120 min compared to 15 min, but 
it only decreased slightly in enterocytes. Therefore, com-
pared to enterocytes, hepatocytes could better utilize 1(3)-
MAG, possibly for the biosynthesis of phospholipids via 
the Gro-3-P pathway. However, more studies are needed 
to clarify the contribution of each pathway. The positional 
distribution of fatty acid in TAG may be helpful to better 
understand the pathway. However, the remodeling of TAG 
via hydrolysis and re-esterification must be considered, as 
up to 70% of the liver TAG derived from Gro-3-P pathway 
was found to be remodeled before secretion as very low 
density lipoproteins [44].

In summary, both 1(3)-MAG and 2-MAG were absorbed 
efficiently by enterocytes and hepatocytes and esterified 
into different lipid classes. 2-MAG was quickly resynthe-
sized into TAG through the MGAT pathway in both entero-
cytes and hepatocytes, whereas 1(3)-MAG was processed 
to TAG and phospholipids at a much slower rate. The possi-
ble pathway of 1(3)-MAG metabolism was discussed based 
on the results (Figs. 3, 6). It could be hydrolyzed by MGL 
and utilized for TAG synthesis via the Gro-3-P pathway; 
alternatively, it could be acylated at the sn-3 or sn-2 posi-
tion to form 1,3-DAG or 1,2(2,3)-DAG, respectively. How-
ever, further studies are needed to demonstrate the contri-
bution of each pathway. The small 1,3-DAG pool in the 
enterocytes and hepatocytes incubated with 1(3)-MAG may 
suggest a high DGAT activity towards 1,3-DAG in trout. It 
seems that hepatocytes utilize 1(3)-MAG better, possibly 
via the Gro-3-P pathway. The overall data suggested that 
the limiting step of the intracellular 1(3)-MAG metabolism 
was the conversion of 1(3)-MAG itself.
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