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Abstract The desaturation-elongation of [**Cllinolenic acid
(n-3) in the rat small intestine was examined in homogenates of
villus and crypt cells in vitro and in mesenteric lymph duct can-
nulated rats in vivo, using high performance liquid chromatog-
raphy of fatty acid methyl esters with continuous flow measure-
ment of #C. Desaturation-elongation of [!*C]18:3 to [1*C]18:4,
[14C]20:4, and [*C]20:5 (n-3) could be demonstrated in both
villus and crypt cell homogenates, the rate of interconversion
generally being highest in the villus cell fraction. For example,
during incubation with 20 nmol [*#*C]linolenic acid (n-3), the
average rates of A6 desaturation were 1.35 pmol/min per mg
protein in villus and 0.93 pmol/min per mg protein in crypt cell
homogenates. The acylation of [!*C]linolenic acid (n-3) into
phospholipids in crypt cells was twofold higher than in villus
cells. Addition of 1-palmitoyl-sn-glycero-3-phosphocholine
(20-240 pM) increased the incorporation of [1*C]Jlinolenic acid
(n-3) into phosphatidylcholine, and decreased the interconver-
sion of [“Cl]linolenic acid (n-3) to A6 and A5 desaturation
products in both villus and crypt cells. 1-Palmitoyl-sn-
glycero-3-phosphocholine also decreased the incorporation of
14C into triacylglycerols and phosphatidic acid, the decrease be-
ing more pronounced in the crypt cells. At a constant concentra-
tion of 20 uM [“C]linolenic acid (n-3), estimated Michaelis
constants (K,,) and maximal velocities (V,.,.) of the linolenoyl-
CoA:1-palmitoyl-sn-glycero-3-phosphocholine  acyltransferase
activity for I-palmitoyl-sn-glycero-3-phosphocholine was 111.1
M 1-palmitoyl-sn-glycerol-3-phosphocholine and 0.45 pmol/min
per mg protein in crypt cells and 571.4 pM and 1.09 pmol in
villus cells, respectively. When [!*C]linolenic acid (n-3) was fed
to mesenteric duct-cannulated rats in a linoleate-rich soybean
lipid emulsion (Intralipid), there was no measurable *C in
desaturation products in lipids of the small intestinal mucosa af-
ter 4 h, or in chyle collected during 4 h. When the rats were in-
fused with an emulsion containing [*C]linolenic acid
(n-3) and 5 mg trilinolenin, 0.52 + 0.37% (mean + SEM)
of the *C radioactivity in chyle was in eicosapentaenoic acid
(n-3). BB The data thus indicate that A6 and A5 desaturase are
present in both villus and crypt cells. However, the enzymes
metabolize only a small amount of the dietary linolenic acid
(n-3). This may be due to the rapid acylation into phospholipids
and triacylglycerol during its absorption and incorporation into
chylomicrons. The high activity of acyl-CoA:1-acyl-sn-glycero-3-
phosphocholine acyltransferase in crypt cells may favor the
retention of polyunsaturated fatty acids in phospholipids during
cell regeneration and maturation, but may also be a limiting fac-

tor for the rate of fatty acid interconversion.— Chen, Q,, and A.
Nilsson. Interconversion of a-linolenic acid in rat intestinal
mucosa: studies in vivo and in isolated villus and crypt cells. J.
Lipid Res. 1994. 35: 601-609.
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Long chain polyunsaturated fatty acids are important
structural components of enterocyte membrane phos-
pholipids (1). These fatty acids are also continuously re-
quired to form the phospholipid surface coat of
chylomicrons during fat absorption (2, 3) and are sub-
strates for the synthesis of eicosanoids in mucosal cells.
The polyunsaturated fatty acids in the small intestinal
tract are in part derived from dietary sources (4) and from
fatty acids released from bile phospholipids by the action
of the pancreatic phospholipase A, (5).

Recent studies indicate that the enterocytes of the small
intestine may desaturate and elongate essential fatty
acids, the rate limiting enzyme, A6 desaturase activity of
the enterocytes, being associated with the microsomal
membranes as in hepatocytes and brain cells (6, 7). High
activities of A6 desaturase-elongase and A5 desaturase-
elongase were also observed in the human CaCo-2 cell
line, which has several structural and biochemical proper-
ties of enterocytes (8). In a recent study, we observed that
intravenously injected albumin-bound [*#C]linolenic acid

Abbreviations: GPC, glycero-3-phosphocholine; HPLC, high perfor-
mance liquid chromatography; PA, phosphatidic acid; PAF-18, platelet
activating factor-18 (1-O-octadecyl-2-O-methyl-sn-glycerophosphocholine);
PC, phosphatidylcholine; PE, phosphatidylethanolamine; TG, triacyl-
glycerol; 18:2(n-6), linoleic acid; 18:3(n-3), a-linolenic acid; 20:4(n-6),
arachidonic acid; 20:5(n-3), eicosapentaenoic acid; TLC, thin-layer
chromatography.
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(18:3, n-3) was converted to [*C]eicosapentaenoic acid
(20:5, n-3) in stomach, small intestine, and colon (A
Nilsson and W. Becker, unpublished data). These findings
suggest that a certain proportion of the body’s C-20 and
C-22 polyunsaturated fatty acids may originate by chain
elongation-desaturation of linolenic acid (18:2, n-6) and
18:3 in the small intestine. However, the distribution of
these enzymes among different cell types in the gastroin-
testinal tract and their quantitative role in vivo have not
been characterized.

The present study was undertaken to get further infor-
mation about the ability of the intestinal mucosal cells at
different stages of maturation to synthesize their own ei-
cosanoid precursor pools. As 18:3 is a preferred substrate
for the A6 desaturase that catalyzes the initial rate limit-
ing step also in the interconversion of 18:2 to arachidonic
acid (20:4, n-6), we used [1*C]18:3 as substrate. The dis-
tribution of activity of desaturase-elongase and acyl-
CoA:1-acyl-glycero-phosphocholine (GPC) acyltransfer-
ase between villus and crypt cells of small intestinal cells
was examined. We also studied whether any dietary 18:3
underwent interconversion before being incorporated into
chyle lipids in experiments where [1*C]18:3 (n-3) was fed
to mesenteric duct-cannulated rats.

MATERIAL AND METHODS

Material

[1-4C]18:3 (51.0 mCi/mol) was purchased from New
England Nuclear (Boston, MA). Unlabeled polyunsatu-
rated fatty acids, authentic fatty acid standards for high
performance liquid chromatography (HPLC), and
1-palmitoyl-glycerol-GPC were obtained from Sigma (St.
Louis, MO) or from Nu-Chek Prep (Elysian, MN). 1-O-
octadecyl-2-O-methyl-sn-glycero-3-phosphocholine
(PAF-18) is a product of Cayman Chemical Company
(Ann Arbor, MI). All other chemicals used were analyti-
cal grade.

Experiments in vitro

Preparation of villus and crypt cell homogenates. The sequen-
tial isolation of villus from crypt cells was performed ac-
cording to the method of Weiser (9) as modified by
Bjerknes and Cheng (10). Non-fasted male white
Sprague-Dawley rats (ALAB, Stockholm, Sweden),
weighing 200-250 g, were used. Forty cm of proximal
small intestine was removed immediately after decapitat-
ing the rats and was washed with an ice-cold solution con-
taining 96 mM NaCl, 27 mM sodium citrate, 1.5 mM
KCl], 0.8 mMm KH,PO,, 5.6 mM Na,HPO,, 10 mg/l gen-
tamicine, and 0.5 mM dithiothreitol (DTT), pH 7.4 (so-
lution A). The intestine was filled with 20 ml solution A
and incubated for 10 min at 37°C. This solution was then
discarded as it contained primarily mucus, bacteria, and
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other luminal contents. The intestine was then filled with
a buffer containing 0.3 mM EDTA, 115 mM NaCl, 25 mM
NaHCOQOs;, 2.4 mM K,HPO,, 2.5 mM L-glutamine, 0.5
mM B-hydroxybutyrate, and 0.5 mM DTT, pH 7.4 (solu-
tion B). It was incubated in solution B for 3 min at 37°C
and was gently palpated to facilitate cell dispersion. This
solution was collected in plastic conical centrifuge tubes
and contained villus tip cells as fraction one. Similarly,
five more cell fractions were sequentially collected, with
fraction six containing cells from the crypt region. The
fractions were then washed free of solution B with
modified L-15 medium by centrifuging twice at 1,500 g for
5 min. Alkaline phosphatase activity was used as a marker
of villus cells and thymidine kinase activity as a marker
of crypt cells. Alkaline phosphatase was determined using
a standard kit purchased from Sigma Chemical Co., St.
Louis, MO. Thymidine incorporation into DNA was de-
termined as an index of thymidine kinase activity (11).
Each cell fraction was incubated with 5-7 uCi of [methyl-
*H]thymidine in 5 ml L-15 medium containing 5-10 mg
cell protein for 2 h at 37°C. Crude DNA extraction was
made by homogenizing the cells and adding an equal
volume of 1 N perchloric acid. Samples were then solubi-
lized in 0.1 N NaOH and aliquots (0.5 ml) were added to
scintillation vials with 0.5 ml methanol and 10 ml scintil-
lation fluid (Instagel-toluene, 1:1). Radioactivity was de-
termined in a Packard 460 CD liquid scintillation system
with external quench correction. In initial experiments,
viability of cells was assessed by trypan blue exclusion and
was found to be at least 90%. Cell fractions were sus-
pended in a 0.25 M sucrose buffer containing 5 mM
MgCl, 015 M KCl, 1.5 mM glutathione, 50 mM
KH,PO,, pH 7.2, at 4°C, and were then homogenized on
ice by a Branson Sonifier 250 (two times 30 sec in 10
watt). Protein content in each cell fraction was measured
by the Lowry method using a Sigma Protein Assay Kit,
indicating approximately equal percentage of total cell
protein.

Microsomal preparation. Microsomes from villus and crypt
cells were prepared according to the method of Garg et al.
(7). The sonicated homogenates were centrifuged at 600
g for 10 min to remove unbroken cells and nuclei. The su-
pernatant was centrifuged at 12,000 g for 15 min to pellet
the mitochondrial fraction. The 12,000-g supernatant was
then centrifuged at 105,000 g for 60 min to obtain the
microsomal pellet. The washed microsomal pellet was
resuspended in 0.25 M sucrose buffer containing 0.15 M
KCIl (pH 7.4) to a concentration of approx. 10 mg
microsomal protein per ml for enzyme assay.

Determination of interconversion and acylation. To determine
the rate of interconversion in villus and crypt cell
homogenates and in microsomal preparations, [*#C]18:3
was used as substrate. The labeled fatty acid was bound
to bovine serum albumin (essential fatty acid-free, Sigma)
and the assay was performed as described earlier (8). The
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assay mixture contained (in a final volume of 1.5 ml) 5
pmol ATP, 0.1 pumol CoA-SH, 0.5 pmol niacinamide, 1.25
pmol NADH, 2.25 pmo) glutathione, 5 pumol MgCl,, 62.5
pmol NaF, 62.5 pmol KH,PO,, pH 7.4, and 19 nmol/pCi
(or as indicated) of albumin bound [!*C]18:3. The reac-
tion was started by adding 0.2-ml aliquots of homogenates
containing 5-10 mg protein. The samples were incubated
for 20 min at 37°C in a shaking water bath. The reaction
was stopped by adding 8 ml chloroform-methanol 1:2
(v/v) containing 0.005% (w/v) butylated hydroxytoluene
(BHT). Acyl CoA:l-acyl-GPC acyltransferase activity in
homogenates of villus and crypt cells was measured as fol-
lows. Aliquots of 1-palmitoyl-GPC in chloroform solution
were dried with nitrogen in test tubes and other compo-
nents of the assay mixture described above, including
albumin-bound {1*C]18:3 were then added. The reaction
was initiated by adding aliquots of the homogenates to a
total volume of 1.5 ml. In some experiments, attempts
were made to inhibit the acylation of 18:3 into phos-
pholipids and thereby increase the interconversion by ad-
ding PAF-18, which has been shown to inhibit acylation of
added 1-acyl-GPC in different cell types (12). The PAF-18
was dissolved in 0.9% saline and added as final concentra-
tions as indicated in Results.

Experiments in vivo

Male white Sprague-Dawley rats, weighing 200-250 g,
fed a commercial standard pellet diet, were used. The rats
were kept fasting and had free access to tap water a day
before operation. Mesenteric duct cannulations were per-
formed according to Warshaw (13) and the rats were
postoperatively treated as described earlier (14). Radioac-
tive lipid emulsion was prepared as follows: 20-25 uCi of
[1*C]18:3 as an ethano] solution was mixed with 0.5 mg
egg phosphatidylcholine in 0.1% chloroform solution and
dried with nitrogen. The dry residue was immediately
dispersed with 1 ml of hot physiological saline. The radi-
oactive mixture was then added to either 2 ml 20% In-
tralipid or 1 ml 1% gum arabic solution which had been
sonicated with 5 mg pure trilinolenin on ice for three x
30 sec. two ml of either labeled lipid emulsion was then
infused through the gastric fistula over 1 h as indicated.
The radioactive chyle was collected on ice in the presence
of 2 mM EDTA (final concentration) and stored under
nitrogen at 4°C before analysis of lipids. Rats were
decapitated after 4 h. Approximately 20 cm of each of the
proximal (jejunum) and distal (ileun) small intestine was
removed and immersed in ice-cold physiological saline to
remove luminal contents. Segments were placed on a
prechilled glass plate, opened longitudinally along the
mesenteric border, and gently blotted to remove excess
moisture. The mucosal surface was removed by gently
scraping with a microscope slide and was placed in pre-
weighed tubes containing 5 ml chloroform-methanol 1:1
(v/v) for lipid extraction as described below.

Lipid analysis

Lipids were extracted as described earlier (8). After
two-phase distribution, the chloroform phase was dried
under nitrogen and the residue was redissolved in 1.0 ml
chloroform. The proportion of *C present in interconver-
sion products of [14C]18:3 was estimated by HPLC of fatty
acid methyl esters linked to continuous flow measurement
of 14C. Aliquots of the lipid extracts were transmethylated
as follows. The extract was taken to dryness with nitrogen;
the residue was redissolved in 1 ml toluene-methanol 1:1
(v/v) containing 2% H,S80,, and heated at 65°C for 4 h;
0.5 ml H,O and 1.5 ml of petroleum ether were then ad-
ded. The upper phase was collected and the lower phase
was washed twice with 0.5 ml petroleum ether. Aliquots
of fatty acid methyl esters in the petroleum ether were
taken to dryness and redissolved in 20 pul acetoni-
trile-water 90:10 (v/v). The labeled PUFA methyl esters
were then analyzed by HPLC using a Shimadzu LC 6A
apparatus equipped a Nucleosil C18 column (5 pm, 250
x 4.6 mm) that was eluted by acetonitrile-water 90:10.
The flow rate was 0.5 ml/min and the absorbance was
monitored with a Shimadzu SPD 6A UV detector at 205
nm. Peaks were identified by comparing retention times
with authentic fatty acid methyl ester standards. The
radioactivity was determined by continuous flow liquid
scintillation counting using a Radiomatic Flow-One 8
radioactivity flow detector, with channels setting at 25 to
100 for 4C radioactivity. The detector was operated with
Flo-Scint II scintllation fluid (Radiomatic Instrument
and Chemical, Co., Tampa, FL) at a flow rate of 2.5
ml/min using a 0.5 ml cell.

To determine the distribution of radioactivity between
different lipid classes, lipids were separated by thin layer
chromatography (TLC). Aliquots from the extracts were
separated on silica gel G plates that were developed in
light petroleum-diethylether-acetic acid 80:20:1 (v/v/v)
for neutral lipid separations and in chloroform-methanol
~acetic acid-water 100:80:12:1.2 (v/v/v/v) for polar lipid
separation. Spots were visualized by iodine vapor and
scraped into counting vials. One ml methanol-water 1:1
(v/v) and 9 ml toluene-Instagel 1:1 (v/v) were added and
radioactivity was determined in a Packard 460 CD liquid
scintillation system. Quenching was determined using an
external standard.

RESULTS
Preparation of villus and crypt cells

The characterization of the different cell fractions by
alkaline phosphatase and thymidine kinase measurements
is shown in Fig. 1. Fractions 1-3 contained high alkaline
phosphatase and only low thymidine kinase activity, in-
dicating that they contained mainly villus cells. In con-
trast, fraction 6 contained high thymidine kinase and very
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Fig. 1. Marker enzyme activities in different cell fractions. Alkaline
phosphatase activity is expressed as U/L per min per milligram of pro-
tein and thymidine kinase activity for each fraction is expressed as dpm
per milligram protein. The protein contents in fractions 1 and 6 from
three separate cell preparations were 33.5 + 1.6 mg and 36.2 + 2.3 mg,
respectively. Similar amounts of protein were obtained in each of frac-
tions 2-5. Results are means + SEM for six determinations from three
preparations.

low alkaline phosphatase activity, indicating that it was
mainly crypt cells. Fraction 4 contained both enzymes.
This indicates that there was a sequential removal of en-
terocytes from the villus tip to the crypts as previously
demonstrated by Weiser (9). The different types of cells
were then used for preparation of homogenates or subcel-
lular fractions.

Interconversion rate of [1#C]18:3 in cell homogenates
from various levels of the villus-crypt axis

In this series of experiments, A6 and A desaturation
was determined in the homogenates prepared from the six
different cell fractions. The rate of A6 desaturation in this
study was expressed as pmol [1#C]18:3 that had been con-
verted to [YC]18:4 (n-3), [1*C]20:4(n-3), and
[1#C]20:5(n-3), per min/mg protein. A5 Desaturation was
expressed as pmol [#C]18:3 that had been converted to
[*4C]20:5. As shown in Table 1, there was a decline in
rates of interconversion along the villus-crypt cells axis,
ie., the interconversion rate was highest in fractions 1-4
(mainly villus) and lowest in fraction 6 (crypt). Effects of
substrate concentration on enzyme activity were observed
by using three concentrations of [1*C]18:3 (2, 20, and 200
nmol per incubation, Table 2). In this concentration
range, saturation kinetics was not achieved, but the reac-
tion rates were influenced by substrate concentration in a
similar way in villus and crypt cell homogenates. The rate
of interconversion of 18:3 was higher in villus cells (frac-
tion 1) than in crypt cells (fraction 6).
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TABLE 1. Rates of interconversion of [1#C]18:3 in
incubations with cell homogenates

Interconversion Rate

Cell Fraction A6 Desaturation A5 Desaturation

pmol/min/mg protein
Villus
1 3.12 1.70
2 2.70 1.68
3 3.38 1.88
4 2.93 1.75
5 1.85 1.06
Crypt 6 0.98 0.64

The incubations were initiated by adding cell homogenates containing
5 mg protein from different cell fractions in the presence of 19 nmol
albumin-bound 18:3 containing 1 uCi #C. Other incubation conditions
were described in Methods. Results are means of duplicates from one
of two similar experiments. A6 Desaturation includes formation of
[1#C]18:4, 20:4, and 20:5, whereas A5 desaturation is the rate of forma-
tion of {1#C]20:5 only.

Interconversion in subcellular fractions

In this series of experiments, interconversion and acyla-
tion of ['#C]18:3 in microsomes and in 12,000-g pellets
containing the mitochondrial fraction from both villus
(fraction 1) and crypt (fraction 6) cells were examined.
Fig. 2 compares the formation of [1*C]18:4, [1*C]20:4,
and ['*C]20:5 after incubation with microsomes or
12,000-g pellets. Desaturation and elongation occurred at
similar rates both in microsomes and in 12,000-¢ pellets.

TABLE 2. Effects of substrate concentration on the interconversion
of ['*C]18:3 in the incubations with villus and
crypt cell homogenates

Interconversion Rate

Substrate Conc. A6 Desaturation A5 Desaturation

pmol/min/mg protein
Villus
2 nmol 0.30 + 0.06 0.14 + 0.02°
20 nmol 1.35 + 0.15° 0.78 + 0.07°
200 nmol 7.54 + 1.00 4.02 + 0.42
Crypt
2 nmol 0.22 + 0.09 0.07 + 0.02
20 nmol 0.93 + 0.13 0.40 + 0.04
200 nmol 6.60 + 0.87 3.22 + 0.17

Cell homogenates of villus and crypt fractions were incubated in the
presence of three concentrations of [*C]18:3. The incubations were started
by adding cell homogenates containing 5 mg protein. For other incuba-
tion conditions see Methods. Results are mean + SEM of eight incuba-
tions from three animals.

“P < 0.01, *P < 0.05 vs. incubations with crypt homogenates at the
same concentration of 18:3, respectively.
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Fig. 2. Interconversion of [*C]18:3 with microsomes and 12,000-g
pellets from villus and crypt cells. The rates of interconversion in micro-
somes (open bars) and 12,000 g pellets (filled bars) are shown as percent
distribution of *C radioactivity in desaturating-elongating products of
[14C]18:3. Twelve nmol of [1*C]18:3 was added to each incubation. Other
incubation conditions see Materials and Methods. Results are means of
two determinations from one of two separate cell preparations.

Acylation of [1#C]18:3 into phospholipids and
triacylglycerol

The rate of acylation of 1#C-labeled fatty acids and the
distribution of esterified fatty acids among different phos-
pholipid classes was assayed by incubating homogenates
from the six different cell fractions with ['*C]18:3.
Without addition of 1-palmitoyl-GPC 4.8-16.0 pmol of
1#C-radioactivity per min/mg protein was incorporated
into PA, 0.9-2.2 pmol per min/mg into PE, and 1.4-5.2
pmol per min/mg protein into PC (Table 3). The rate of

TABLE 3. Incorporation of [14C]18:3 into phospholipids and
triacylglycerol in incubations with cell homogenates
from different cell fractions

Rate of Incorporation

Cell Fraction TG PA PE PC

pmol/min/mg protein

Villus
1 47.35 4.77 0.94 1.43
2 42.91 5.97 0.89 1.29
3 41.38 9.37 1.08 1.58
4 44.57 16.04 1.44 1.63
5 45.85 11.82 1.81 3.68
Crypt 6 41.61 10.69 2.23 5.19

The data were obtained from the incubations described in the Table
1. Data are expressed as means of duplicates from one of two similar ex-
periments.

acylation of radioactive fatty acids into PC and PE was
highest in the crypt cells, i.e., in the fractions in which the
degree of desaturation and elongation was lowest. Incor-
poration into PA was highest in fraction 4, but was higher
in cell fractions 1-4 than in fractions 1 and 2. The rates
of incorporation of [14#C]18:3 into TG were similar in all
six cell fractions (Table 3).

Effects of 1-palmitoyl-GPC on interconversion and
acylation reactions

To examine whether the rate of interconversion of
[1#C]18:3 was influenced by the rate of acylation of fatty
acids into phospholipids and TG in villus and crypt cells,
acylation and interconversion were examined in the
presence of increasing concentrations of 1-palmitoyl-GPC
during incubation. Fig. 3 shows the effects of 1-palmitoyl-
GPC on the formation of radioactive PC when homo-
genates of villus and crypt cells were incubated with
[1#C]18:3 and cofactors. The formation of 1*C-labeled PC
with crypt cell homogenates exceeded that with villus cell
homogenates at concentrations below 80 yM 1-palmitoyl-

In Villus

In Crypts
™
3
I
»
»

Formation of 1-palmitoyl-2-linolenoyl-GPC  ( pmot / min / mg protein )

1
0 80 160
Concentration of 1-paimitoyl-GPC ( pM)

Fig. 3. Effects of 1-palmitoyl-GPC on incorporation of [*C]18:3 into
PC and PA in homogenates of villus and crypt cells. The incubations
were performed with three concentrations of labeled 18:3 and varying
concentrations of 1-palmitoyl-GPC as acyl acceptor. Squares represent
20 pMm of [1*C]18:3, triangles 10 uM of [1*C]18:3, and circles 5 uM of
[*C]18:3. The left upper panels in the figures show the effect of
1-palmitoyl-GPC on the incorporation of #C into PA. For other incuba-
tion conditions see Materials and Methods. Data were means of dupli-
cates from one of two similar experiments.
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GPC. At the highest concentration, 240 uM, there was no
difference between the villus and crypt cell homogenates.
The values for the incorporation of *C into PC using in-
creasing concentrations of 1-palmitoyl-GPC and a cons-
tant concentration of [*C]18:3 (20 gM) conformed to
linear double reciprocal plots, from which apparent
Michaelis-Menten constants (K,,) and maximal velocities
(Vmax) could be calculated (Fig. 4). K,, was 571.4 uM
1-palmitoyl-GPC in villus and 111.1 M in crypt cell
homogenates. V,,, was 1.09 and 0.45 pmol/min per mg,
respectively. At 1-palmitoyl-GPC concentrations below 80
pgmol, the incorporation of #C into PA and into TG was
much higher in the villus than in the crypt cell
homogenates. At concentrations above 80 uM the incor-
poration into PA and TG was suppressed also in the villus
cell homogenates Fig. 3 and Fig. 5). A strong suppression
of the desaturation-elongation of [14#C]18:3 was observed
when increasing concentrations of 1-palmitoyl-GPC were
added to the incubations with villus cell homogenates
(Fig. 6). 1-Palmitoyl-GPC suppressed the interconversion
moderately in the incubations with crypt cell homogenates.
Even the basal level of interconversion was lower in the
crypt fraction.

Effects of PAF-18 on acylation and interconversion of
[1*C]18:3

The higher rate of phospholipid acylation combined
with a lower rate of interconversion in the crypt than in

0.01 0 001 002 003 004 005
1/1S1

Fig. 4. Michaelis-Menten kinetics for incorporation of 18:3 into PC as
a function of 1-palmitoyl-GPC concentration in homogenates of villus
and crypt cells. Initial velocities for the rate of esterification of [1#C]18:3
into PC as a function of the 1-palmitoyl-GPC concentration in incuba-
tion with villus homogenates (open circles) and with crypt homogenates
(filled circles). The concentration of [1#C]18:3 was 20 uM. For other as-
say conditions see Materials and Methods. Values are means of two to
three separate experiments in duplicate. Lineweaver-Burk plots: § =
uM 1-palmitoyl-GPC; V = pmol of 18:3 incorporated into PC per min
per mg protein.
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Fig. 5. Effects of 1-palmitoyl-GPC on the incorporation of [14C}i8:3
into triacylglycerols in homogenates of villus and crypts. The incuba-
tions were performed with three concentrations of labeled 18:3 as ex-
ogenous linolenoyl donor and varying concentrations of 1-palmitoyl-
GPC. Squares represent 20 pM of [1*C]18:3, triangles 10 uM of
[1#C]18:3, and circles 5 pM of [1*C]18:3. The right upper panels in the
figures show remaining free fatty acids that were not esterified to PLs
and TG after 20 min incubation. Other assay conditions see Materials
and Methods. Data were means of duplicates from one of two separate
experiments.

the villus cell homogenates suggested that the acylation
and the interconversion reactions may compete for the
same pool of [1*C]18:3-CoA. Experiments were therefore
performed in which PAF-18, which was shown to inhibit
acyl CoA:l-acyl-GPC acyltransferase in other cell types
(12), was added. The purpose was to see whether an inhi-
bition of this enzyme was linked to an increased intercon-
version of 18:3. A high concentration of PAF-18 (160 uM)
inhibited, however, the incorporation of !*C not only into
PC, but also into PE, PA, and TG in incubations with
villus or crypt cell homogenates (data not shown). Ten-80
uM PAF-18 had only small or no effects on the acylation
and interconversion reactions. PAF-18 at 160 uM
decreased both the incorporation of [1*C]18:3 into PE,
PC, and TG and the interconversion of [*C]18:3 to its
higher homologues (data not shown). PAF-18 could thus
not be used as a means to regulate the partitioning of
[1#C]18:3 between phospholipid acylation and interconversion.
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Fig. 6. Effects of 1-palmitoyl-GPC on the interconversion of [1#C]lino-
lenic acid into [*CJoctadecatetraenocic acid and [!*C]eicosapentaenoic
acid in homogenates of villus and crypt cells. The incubation mixture
contained 20 pM of [*C]18:3 and increasing concentrations of
1-palmitoyl-GPC. There was no measurable formation of radioactive oc-
tadecatetraenoic acid in the incubations with crypt cell homogenates. For
assay conditions see Materials and Methods. Data were means of two
separate experiments, including duplicate determinations.

Desaturation and elongation of [*C]18:3 in in vivo
experiments

To examine whether any interconversion of 18:3 oc-
curred during fat absorption in vivo, rats were infused in-
troduodenally for 2 h with [1*C]18:3 mixed either with In-
tralipid or with an emulsion of 5 mg trilinolenin stabilized
with gum arabic. Chyle was collected and mucosal scrap-
ings from jejunum and ileum were also obtained after kill-
ing the rats, i.e., after 4 h. With Intralipid as a fat vehicle,
no radioactive desaturation-elongation products were
found either in mucosal scrapings or in the collected
chyle. 86.0% and 88.6% of the [*C]18:3 was in TG in
jejunal and ileal mucosal scrapings, respectively, and
4.5% and 5.5% in phospholipids. In the chyle, 95.4% of
[14C]18:3 was in TG and only 1.3% in phospholipids (Ta-
ble 4A). In the experiments, in which the animal received
[1*C]18:3 dispersed with 5 mg trilinolenin, relatively
higher proportions of radioactive fatty acids were incorpo-
rated into phospholipids than TG in both jejunal and ileal
mucosal scrapings. Three.six percent of *C radioactivity
in chyle was found in phospholipids and 82.5% of 14C in
TG. In this series, an average of 0.52% of the chyle *C
radioactivity was in 20:5 (Table 4B).

DISCUSSION

The study indicates that both villus and crypt cells of
the small intestine from rats fed an ordinary pellet diet

contain the desaturase (A6 and A5 desaturase) and elon-
gase systems necessary for the conversion of 18:3 (n-3) to
20:5 (n-3). Although the intracellular location of the en-
zymes was not studied in detail, microsomal preparations
of both villus and crypt cells as well as the 12,000-g pellet
contained desaturase activity.

The villus cell homogenates catalyzed the interconver-
sion at a higher rate than the crypt cell homogenates. The
data thus do not support the idea that fatty acid intercon-
version in the small intestinal epithelium is most active in
the crypts and linked to the need for arachidonic acid as
material for membrane phospholipid formation during
cell regeneration. Rather the data indicate that the level
of desaturase-elongase activity is retained and even in-
creases as the crypt cells differentiate to mature villus cells
along the villus-crypt axis. The villus cells will continu-
ously need arachidonic acid and other polyunsaturated
fatty acids for formation of the phospholipids of the
chylomicron surface coat (2, 3) and for eicosanoid
production (15, 16). Our data suggest that desatura-
tion-elongation reactions in the mature villus cells con-
tribute to the need of these cells for 20:4, but the quantita-
tive importance is hard to evaluate at present. This may
vary with dietary conditions, as indicated by a recent
study showing an up-regulation of the A6 desaturase in
the intestinal mucosa after fasting for relatively short

periods of time (6). Interestingly, Alessandri et al. (17, 18).

recently showed that the ratio of 20:4/18:2 was higher in
crypt than in villus cells both in piglets and in rats. Our
data would thus suggest that the cell fraction with the
lowest 20:4/18:2 ratio has the highest A6 desaturase activity.

TABLE 4. Incorporation #C fatty acids into triacylglycerols and
phospholipids and interconversion of *C-radioactive fatty acids to
eicosapentaenoic acid in mesentetic duct-cannulated rats

% Distribution of Radioactivity

% of #C
Treatment TG PL as 20:5
A. Intralipid
Jejunum mucosa (n= 3) 88.6 + 3.1 45 + 1.0 n.d.
Heum mucosa (n = 3) 86.0 + 29 55 + 1.7 n.d.
Chyle (n=3) 954 + 1.3 1.3 + 0.4 n.d.

B. Trilinolenin
Jejunum mucosa (n=4) 22.3 + 46 556 + 6.8 n.d.
Ileum mucosa (n = 4) 27.0 + 25 443 + 5.0 n.d.
Chyle (n=7) 82.5 + 85 355 + 2.4 052 ¢ 0.37

H

Data under A were obtained from rats which were infused intraduo-
denally with [1#C]18:3 in Intralipid emulsion for 2 h. Chyle was collect-
ed from the start of the infusion, and the small intestinal mucosal scrapings
were obtained 4 h after the start of infusion, when the rats were killed.
Data under B were obtained from rats which were infused [14C]18:3 in
an emulsion containing 5 mg trilinolenin. Other experimental conditions
are described under Methods. Data are means + SEM and n.d., not
detectable.
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To examine the degree of interconversion of dietary
[**C]18:3 in the absorptive villus cells under the dietary
conditions used, [14C]18:3 was also fed to mesenteric duct-
cannulated rats. The interconversion was examined after
feeding ['*C]18:3 either in a linoleate-rich meal (In-
tralipid) or with a small amount of trilinolenin. The pur-
pose was to compare the interconversion of 18:3 in the sit-
uation where it is the only external substrate and in the
situation where dietary 18:3 and a relatively large amount
of dietary 18:2 compete for the same desaturat-
ing-elongating enzymes. With Intralipid, a linoleate-rich
soybean lipid emulsion, as a fat vehicle no measurable
amount of 1*C appeared in 20:5 in either chyle or mucosal
lipids, whereas in the trilinolenin series an average of only
0.68% of the chyle radioactivity was in 20:5. The
desaturase-elongase system of the villus cells thus inter-
convert little or no absorbed dietary 18:3 before incorpo-
ration into chylomicrons under the conditions used.

As the action of desaturase-elongase system may be
influenced by the rates at which the 18:3-CoA are utilized
by other reactions, the degree of interconversion of
[1#C]18:3 was also related to the rate of acylation into
phospholipids and TG. Relatively large amounts of 1-lyso-
PC formed from bile phospholipids are continuously ab-
sorbed in vivo and are in part reacylated with polyunsatu-
rated fatty acids in the mucosa by the acyl-CoA:l-acyl-
GPC acyltransferase (19-22). In our in vitro experiments,
addition of 1-palmitoyl-GPC significantly stimulated the
incorporation of *C into PC and decreased the intercon-
version as well as the incorporation into TG and PA, in-
dicating that the rapid acylation of lyso PC may indeed
influence other reactions. In in vivo experiments with
trilinolenin infusion, [#C]18:3 was, however, acylated
mainly into PL, less proportion being in chyle TG. The
efficient acylation into both PC and TG rather than a high
rate of lyso PC reacylation may therefore limit the inter-
conversion in vivo.

The acylation patterns in vitro differed between villus
and crypt cell homogenates. As a general feature, more
[**C]18:3 was incorporated into PC in the presence of
1-acyl-GPC, and less into TG and PA in the crypt than in
the villus cells. At moderate concentrations of 1-acyl-GPC
the 1*C PC formation was also stimulated more strongly
in the crypt than in the villus cell homogenates. It is thus
concluded that not only the villus but also the crypt cells
contain high levels of acyl-CoA:1-acyl-GPC acyltransferase.

1-O-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine
(PAF-18) is one of several alkyl lyso-phospholipids (ALP)
representing a family of new antitumor drugs (23-25).
They are closely related structurally to the fatty acid ac-
ceptor 1-acyl-GPC. Therefore, it has been suggested that
PAF-18, where the 2-position of the glycerol backbone
contains a methoxy substituent, is an inhibitor of the
acylating enzyme (12, 26, 27). In this study we used
PAF-18 to see whether more [1#C]18:3 could be channeled
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to the interconversion reactions by inhibiting the lyso PC
acylating enzyme with PAF-18. PAF-18 inhibited, however,
not only the acylation of radioactive fatty acids into phos-
pholipids particularly in the crypt cells, but also decreased
the interconversion of [1#C]18:3 and its acylation into TG.
In the intestinal cell homogenates it could thus not be
used as a means to change the partitioning of [1*C]18:3
between interconversion and acylation.

Our data thus demonstrate the presence of the desaturase-
elongase system necessary for formation of 20:5 from 18:3
and thereby also for the formation of 20:4 from 18:2 in
both crypt and villus cell of rat small intestine. It is sug-
gested that the high level of acyl-CoA:l-acyl-GPC
acyltransferase in the crypt cells serves to favor the reten-
tion of polyunsaturated fatty acids in phospholipids dur-
ing cell regeneration when these cells have to acquire
material from blood for the formation of new membrane
phospholipids as the cells divide. During the continuous
phospholipid remodelling as the cells differentiate into
mature villus cells, fatty acid interconversions may occur
that contribute to the pools of eicosanoid precursor fatty
acids. The quantitative importance of this reaction is
likely to be influenced by dietary factors affecting both the
spectrum of fatty acids that the crypt cells acquire from
blood during cell regeneration and of fatty acids absorbed
by the mature villus cells. Although present in the absorp-
tive villus cells, the desaturase-elongase systems intercon-
vert only a minor part of dietary 18:3 (n-3) before its in-
corporation into chyle lipids. B
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