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Abstract The time course of linoleic acid metabolism in por- 
cine epidermis has been studied in order to better evaluate the 
lipid transformations that accompany differentiation in this tis- 
sue. One day after intradermal injection of [U-"C]linoleic acid, 
most of the radioactivity in the epidermis was associated with 
phospholipids, triglycerides, and free fatty acids. Within 3-7 
days, a portion of the radiolabel was selectively transferred to 
acylglucosylceramide and acylceramide fractions, after which 
the specific activities of a l l  lipids fractions decreased. WE The 
results suggest that neither the lipoxygenation of linoleate nor 
the hydrolysis of acylceramide to form acylacid and free sphingo- 
sine are major routes of linoleate metabolism in normal epider- 
mis. The principal pathway of linoleate metabolism in normal 
epidermis appears to be transfer from phospholipids to acyl- 
glucosylceramide to acylceramide. The triglyceride fraction, 
although minor in amount, attains an initially high specific ac- 
tivity, and may serve as an intermediate in linoleate transfer. 
-Wertz, P. W., and D. T. Downing. Metabolism of linoleic 
acid in porcine epidermis. J.  Lipid Res. 1990. 31: 1839-1844. 

vesicles that are thought to be the precursors for the 
permeability barrier (12, 13). At the end of the differentia- 
tion program, the lamellar granule contents are extruded 
into the extracellular spaces between the cornifying cells, 
and the short stacks of flattened vesicles fuse edge-to-edge 
to form the multiple extracellular bilayers that provide the 
permeability barrier to water (13-15). At this time, the 
phospholipids are completely catabolized and the glucosyl- 
ceramides are deglycosylated, so that the major lipids in 
the cornified layer of the skin are cholesterol, ceramides, 
and free fatty acids (9). 

In the living cells of normal epidermis, linoleic acid is 
found in the glycerophospholipids (3) and in one unusual 
acylglucosylceramide (16-19). In this latter sphingolipid, 
linoleic acid is ester-linked to the w-hydroxyl group of 30- 
through 34-carbon w-hydroxyacids that are in turn - 

amide-linked to sphingosine bases, and glucose is glyco- 
sidically attached to the primary hydroxyl group of the 
sphingosine moieties (17-19). This acylglucosylceramide 
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The purpose of the present investigation was to 
examine the uptake and disposition of linoleic acid in 
epidermis. Linoleic acid is an essential fatty acid (1, 2) 
which, among other things, is required for formation and 
maintenance of the cutaneous barrier to water loss (2-6). 
When linoleate is omitted from the diet of experimental 
animals, the epidermis quickly becomes hyperprolifera- 
tive and scaly, and transepidermal water loss increases up 
to 14-fold (2-6). This hyperproliferation and scaliness 
have been related to a failure to produce eicosanoids (3, 
7), but the impaired barrier function appears to be more 
closely linked to the structures of certain unusual 
linoleate-containing sphingolipids (6, 8). 

Epidermal basal cells possess the usual array of mem- 
branous organelles containing phospholipids and choles- 
terol as the major lipid constituents (9). As epidermal cell 
differentiation proceeds, additional lipids, including 
phospholipids, cholesterol, and glucosylceramides, are 
synthesized (9), and much of this additional lipid is pack- 
aged into small organelles called lamellar granules (10, 
11). The lamellar granules contain stacks of flattened lipid 

is associated with the lamellar granules (10, 11) and is 
thought to {unction in the assembly of these organelles 
(12, 13). A deglycosylated analogue (acylceramide) is 
found in the cornified portion of the epidermis (20, 21) 
where it is thought to be a significant determinant of the 
skin's permeability properties. It was anticipated that the 
time course of linoleic acid metabolism would reflect this 
series of transitions associated with epidermal differentia- 
tion and might reveal other significant pathways. 

MATERIALS AND METHODS 

Animals and intradermal injections 
Two pigs obtained from a local farm at 6 weeks of age 

were housed in stainless steel cages that were cleaned 
daily. The pigs were fed a standard dry pelleted pig chow 
(16% pig grower, Gringer Feed and Grain, Inc., Iowa 

Abbreviation: TLC, thin-layer chromatography. 
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City, IA) and water ad libitum. After 3 days, the intrader- 
mal injection of ["C]linoleic acid was begun. 

The pigs were fasted for approximately 16 h before the 
intradermal injections, and immediately prior to the in- 
jections, the pigs were anesthetized with 5-10 mg/kg of 
ketamine hydrochloride (Ketaset; Bristol Laboratories, 
Syracuse, NY) and 5 mg/kg xylazine (Rompun; Miles 
Laboratories, Shawnee, KS) injected intramuscularly. 
Hair was removed from seven 2.5-inch-diameter circles 
on each side of each pig by means of electric clippers and 
an electric shaver, and these sites were shaved periodically 
thoughout the experiment. At 35, 28, 21, 14, 7, 3, and 1 
day before harvesting epidermis from the sites, linoleic 
acid was injected intradermally at antiparallel pairs of 
sites on each pig. All injections were performed between 
9:oo and 1o:oo AM. 

The injectate consisted of 50 pCi [U-''C]linoleic acid 
(NEN Research Products, Boston, MA), 75 pg of oleic 
acid (Sigma Chemical Co., St. Louis, MO), 25 pg of 
sodium bicarbonate, and 3.3 mg of fatty acid-free bovine 
serum albumin (Sigma Chemical Co.) in 2.5 ml of 0.9% 
NaCl (aq). Several 1-p1 samples of this solution were re- 
moved for scintillation counting to check on the actual 
concentration of ["C]linoleate. A set of 10 intradermal in- 
jections of 60 pl each were tightly clustered in a 1-inch 
circle in the center of each shaved injection site. After in- 
jection, pigs were returned to their cages and closely 
monitored until they had recovered from anesthesia. 

One day after the final set of injections, the anesthe- 
tized pigs were killed by intracardial injection of euthana- 
sia solution (T-61; American Hoechst Gorp., Somerville, 
NJ). Circles of epidermis containing the injection sites 
were removed by gentle scraping with a stainless steel 
spatula after a 30-sec application of an aluminum cylinder 
heated to 65°C. Several circles of epidermis were also re- 
moved from uninjected sites to serve as blanks. 

Lipid extraction and analysis 

The circles of epidermis were immediately extracted 
with chloroform-methanol 1:2, 1:1, and 2:l for 2 h each at 
room temperature. The extracts from each piece of epi- 
dermis were combined and dried under nitrogen, and the 
lipid residues were dissolved in 200-p1 portions of chloro- 
form-methanol 2:l. 

A 4-pl aliquot was taken from each redissolved lipid 
sample, mixed with 5 ml scintillation fluid (Poly-Fluor; 
Packard Instrument Company, Inc., Downers Grove, IL), 
and counted with a liquid scintillation counter (Tri-Carb 
1500; Packard Instrument Company, Inc.) to determine 
the amount of radioactivity recovered from each site. 

TLC was performed using 20 x 20 cm glass plates 
coated with 0.25-mm-thick silicic acid (Adsorbosil-Plus 1; 
Alltech Associates, Deerfield, IL) scored into 6-mm-wide 
lanes. For the analysis of polar lipids, 4-pl portions of each 
lipid solution were applied 2-3 cm from the bottom edge 

of the plate, which was then developed to 8.5 cm with 
chloroform-methanol-water 40:10:1, followed by chloro- 
form-methanol-acetic acid 190:9:1, to the top, followed by 
hexane-ethyl ether-acetic acid 70:30:1, to the top. For the 
analysis of nonpolar lipids, 1 pl of lipid solution was used, 
and the plate was developed to the top with hexane fol- 
lowed by toluene, followed by hexane-ethyl ether-acetic 
acid 70:30:1, to 9.5 cm. After thorough drying, the distri- 
bution of radioactivity on the TLC plates was determined 
using a linear analyzer (model LB 284; Berthold Analyti- 
cal Instruments, Inc., Nashua, NH). Then, the plates 
were charred by spraying with 50% sulfuric acid and slow 
heating to 220OC. The charred chromatograms were 
quantitated using a Shimadzu model CS-930 photoden- 
sitometer. 

RESULTS AND DISCUSSION 

In a preliminary experiment (data not shown), it was 
found that linoleate was more efficiently taken up by 
epidermis after intradermal injection if it was bound to al- 
bumin. When the molar ratio of linoleate to albumin was 
2 moles of fatty acid per mole of albumin, the epidermal 
uptake of linoleate increased by a factor of 1.6 compared 
to intradermally injected linoleate without albumin. 
Binding linoleate to albumin also reduced the amount of 
hydroxyacids found in the epidermal lipid extract, and the 
inclusion of oleate appeared to further reduce the forma- 
tion of oxidation products. Accordingly, [ ''C]linoleic 
acid, unlabeled oleic acid, and albumin were used at a 
molar ratio of 2:5:1 in the present experiments. 

There was some concern that N-acyl-phosphatidyl- 
ethanolamine, an unusual phospholipid enzymatically 
produced in necrotic tissues (22, 23) and sometimes found 
in epidermis (24), could interfere with the measurement 
of the acylglucosylceramide. To test this possibility, a sam- 
ple of N-acyl-phosphatidylethanolamine was chemically 
synthesized and compared with pig epidermal lipids and 
with isolated acylglucosylceramide (17). With the mobile 
phase used in this study to separate the polar lipids, 
N-acyl-phosphatidylethanolamine was found to have a 
mobility generally similar to the glucosylceramides, but 
the RJ was variable and strongly dependent on the 
amount applied to the TLC plate. Unlike the glucosylcer- 
amides, it produced a long streak rather than a discrete 
spot. Since there was no evidence of a component with 
such chromatographic properties on either the charred 
chromatograms or the linear analyzer scans, it would 
therefore seem unlikely that N-acyl-phosphatidylethanol- 
amine was a complicating factor in the present study. 

As summarized in Table 1, the major lipid groups in 
the epidermis consisted of phospholipids, glucosylcera- 
mides, ceramides, cholesterol, and fatty acids. Within 
these general lipid classes, linoleate has been found prin- 
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TABLE 1. Composition of pig epidermal lipids 

Lipid Weight Percent (SD) 
~ -~ ~ 

Phospholipids 26.0 (2.1) 
Glucosylceramide A 6.6 (0.6) 
Glucosylceramide B 3.2 (0.6) 
Glucosylceramide C 2.6 (0.5) 
Glucosylceramide D 2.5 (0.4) 
Ceramide 1 4.2 (0.6) 
Ceramide 2 11.6 (1.0) 
Ceramide 3 5.1 (0.4) 
Ceramide 4 2.8 (0.3) 
Ceramide 5 3.2 (0.3) 
Ceramide 6 4.7 (0.4) 
Cholesterol 14.0 (2.1) 
Fatty acids 8.6 (1.3) 
Cholesterol diesters 0.8 (0.1) 
Triglycerides 0.7 (0.2) 
Cholesterol esters 3.4 (0.5) 

Weights percent are the means of the 28 injected epidermal sites ana- 
lyzed in this study. Standard deviations are given in the final column. 
Ceramide and glucosylceramide nomenclature follows that used in refer- 
ences 20 and 25. Cholesterol diesters consist of cholesterol with an ester- 
linked a-hydroxypalmitate bearing an ester-linked palmitate on the a- 
hydroxyl group (32). 
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Fig. 1. Distributions of radioactivity and carbon among polar epider- 
mal lipids. The upper panel shows the distribution of radioactivity on a 
thin-layer chromatogram (as determined with a linear analyzer) while 
the lower panel shows the distribution of carbon on the same lane (as de- 
termined by photodensitometry of the charred chromatogram). This 
sample represents epidermal lipids 7 days after intradermal injection of 
["CJlinoleate. The numbered peaks in the upper panel correspond to: 
phosphatidylcholine and sphingomyelin, 1; phosphatidylethanolamine, 
2; acylglucosylceramide, 3; acylceramide, 4; nonpolar lipids, 5-7. BG1 
and BG2 indicate regions that were used for background measurements. 
See Materials and Methods for details. 

cipally in glycerophospholipids (3, 18), glucosylceramide 
A (acylglucosylceramide; 16-18) and ceramide 1 (acylcer- 
amide; 18, 20); in Fig. 1, Fig. 2, and Fig. 3 it can be seen 
that linoleate label was primarily confined to these lipid 
classes, while the simple glucosylceramide fractions B-D 
(25) and ceramides 2-6 (20) showed no appreciable label- 
ing above background. This is in contrast to a previous 
study of epidermal metabolism of [ '4C)linoleic acid 
labeled exclusively at the carboxyl carbon, in which it was 
found that all of the epidermal lipids became labeled, the 
largest fraction of radioactivity being associated with 
cholesterol (26). This lack of specificity is attributable to 
scrambling of the radioactivity through acetate exchange. 
The use of uniformly labeled [ ''C]linoleate in the present 
experiments has minimized this problem. 

In the previous study (26), in which the [l-'4C]linoleate 
was applied topically, much of the recovered radioactivity 
was associated with free fatty acids, and with several 
hydroxyacids that were regarded as products of lipoxy- 
genase activity. Comparable results were obtained in such 
experiments in this laboratory. However, similar patterns 
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Fig. 2. Distributions of radioactivity and carbon among nonpolar 
epidermal lipids. As in Fig. 1, the upper and lower panels represent, 
respectively, the distribution of radioactivity and the distribution of car- 
bon on a thin-layer chromatogram. The analyses shown here were per- 
formed on the same sample shown in Fig. 1. The numbered peaks indi- 
cate: polar lipids, 1; cholesterol, 2; fatty acids, 3; triglycerides, 4; 
cholesteryl esters, 5. BG1 and BG2 indicate regions where background 
radioactivity was measured. 
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Fig. 3. Distribution of radioactivity among lipid classes versus time 
after injection of [14C]linoleate. The lines represent: phospholipids, PL; 
acylglucosylceramide, AGC; acylceramide, AC; total nonpolar lipids, 
N P. 

of oxidation products were obtained when the labeled 
linoleate was simply applied to circles of filter paper and 
allowed to stand at room temperature for several days. 
Therefore, topical delivery of linoleate was abandoned, 
and the intradermal route described in the present studies 
was adopted. 

In the present study, there was no labeling of the previ- 
ously identified covalently bound lipid associated with the 
corneocyte envelope (data not shown), thus supporting 
the previous demonstration that these lipids are derived 
de novo from acetate (27). In addition, there was no 
significant labeling of components attributable to mono- 
hydroxyacids, which have chromatographic mobilities be- 
tween those of ceramides 2 and 3. Although normal 
epidermis contains a lipoxygenase that can act on linole- 
ate (28) and linoleate oxidation products may be sig- 
nificant in some pathological conditions, such as psoriasis 
(28, 29), the lipoxygenase-mediated oxidation of linoleate 
does not appear to be a major process in normal epidermis. 

The distribution of radioactivity among the major lipid 
groups as a function of time, presented in Fig. 3, illus- 
trates the efficient uptake and incorporation of [ '4C]linole- 
ate into phospholipids and the dramatic decline of radio- 
activity in all lipid classes after 7 days. These results are 
somewhat influenced by small variations in the actual 
amount of radioactivity injected and by the relative sizes 
of the different lipid classes. These factors are taken into 
account by using specific activities, 100 (76 of injected 
I4C)/(% of total lipid carbon), as has been done in Fig. 4 
and Fig. 5.  These results support the concept that linoleic 
acid is rapidly incorporated into phospholipids and then 
gradually transferred to acylglucosylceramide and subse- 
quently to acylceramide, as suggested previously (26, 30). 
Since the glucosylceramide is confined to the living por- 
tion of the epidermis and the acylceramide is found 
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Fig. 4. Specific activity of epidermal lipids versus time after injection 
of [14C]linoleate. Specific activity is 100 (% of injected I4C)/(% of total 
lipid C). The lines represent: phospholipids, PL; acylglucosylceramide, 
AGC; acylceramide, AC; total nonpolar lipids, NP. 

almost exclusively in the stratum corneum, one might 
have anticipated a clear-cut sequential transfer of label 
from acylglucosylceramide to acylceramide. The fact that 
this was not observed indicates asynchrony in keratino- 
cyte differentiation and in the migration of cells from the 
basal layer to the cornified layer. Alternatively, or in addi- 
tion, linoleate may be rapidly redistributed throughout 
the viable epidermis after initial uptake. 

The present results do not support the proposed hy- 
drolysis of acylceramide to acylacid (26) as a major path- 
way in normal skin. O n  the one-dimensional chromato- 
grams in the present study, acylacid was not separated 
from free fatty acids; however, there was no suggestion of 
transfer of radioactivity from acylceramide to this frac- 
tion. Although originally detected as a minor metabolite 
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Fig. 5. Specific activity of individual nonpolar epidermal lipids versus 
time after injection of ['*C]linoieate. Specific activity is 100 (% of in- 
jected 14C/% of total lipid C). The lines represent: triglycerides, TG; 
fatty acids, FA; cholesteryl esters, CE; cholesterol, CH.  
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in normal pig epidermis, a result that we have confirmed 
(Wertz, P. W., and D. T. Downing, unpublished results), 
acylacid was found to be much more abundant in sun- 
burn peelings (31) and appears also to have been more 
abundant in essential fatty acid-deficient rat skin (18). 
Perhaps the hydrolysis of acylceramide to acylacid and 
free sphingosine occurs only under pathological condi- 
tions. 

It is noteworthy that the triglyceride fraction, although 
minor in amount (Table l), achieved a very high specific 
activity (Fig. 5). The general pattern of the change in 
specific activity for this component parallels that of the 
phospholipid fraction, suggesting that the epidermal 
triglycerides may serve as an intermediate in the turnover 
or transfer of the fatty acids from the sn-2  position of the 
glycerol backbone, where unsaturated fatty acids are 
selectively placed. 

The decrease in radioactivity associated with the 
triglyceride and phospholipid fractions during the initial 
7 days can largely be accounted for by transfer to the acyl- 
glucosylceramide and acylceramide. However, the general 
loss of radioactivity from all lipid classes beyond this point 
probably reflects several processes. First, some of the 
labeled acylceramide and nonpolar lipids probably reach 
the skin surface and are lost through desquamation. Sec- 
ond, a small fraction of the radioactivity appears to be 
converted to nonlipid materials that are not removed by 
chloroform-methanol extraction, but which become 
water-soluble after either alkaline or acid hydrolysis of the 
chloroform-methanol extracted nonlipid residue (data 
not shown). Third, rapid turnover of phospholipid fatty 
acids in the basal keratinocyte may result in loss of label 
through exchange with circulating lipids. Loss of label to 
the circulation is reflected in the fact that uninjected sites 
contained approximately 8% as much label as injected 
epidermal sites after 35 days. Additional experiments will 
have to be performed to establish the relative significance 
of these different processes. I 
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