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Lipogenesis from amino acids

in perfused isolated dog skin
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ABSTRACT Lipogenesis from amino acids has been studied
in isolated perfused dog skin. Uniformly labeled alanine-“C,
glycine-“C, isoleucine-#C, leucine-*C, phenylalanine-“C,
and valine-*C are all incorporated into the cutaneous lipids,
with significant incorporation into most of the isolated lipid
fractions. Efficiency of lipogenesis has been expressed relative
to the extent of incorporation of acetate under the same experi-
mental conditions. This efficiency was highest for the three
branched-chain amino acids.

The accuracy, uses, and limitations of the perfusion tech-
nique for the study of cutaneous lipogenesis have been evalu-
ated.
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IT HAS BEEN KNOWN for almost a century that the lipids
of the skin are very different from those of other tissues.
Some of the peculiarities of skin lipids have been useful;
for example the occurrence of large amounts of lano-
sterol in wool wax (1) and of squalene in surface lipids of
human skin (2) has proved invaluable in the elucidation
of cholesterol biogenesis. Skin is also somewhat unusual
in that the rate of lipogenesis in it is rather high. Srere,
Chaikoff, Teitman, and Burnstein (3) recognized early
the rapidity of cutaneous cholesterogenesis, which rep-
resents by no means the total lipogenesis of the skin. The
bulk of the skin consists of inert fibrous tissue, of which
living cells form only a part. If we correct for the inert
tissue we can calculate, from the best available data (4,
5), a cutaneous lipogenesis rate in man of about 2 g of
lipid per day from some 300 g of tissue. Though no more
than an educated guess, this estimate does represent the
order of magnitude.

Abbreviation: TLC, thin-layer chromatography.
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The skin is a heterogeneous structure in which lipo-
genesis does not occur uniformly throughout the tissue.
There are two major sites of cutaneous lipogenesis, the
living cells of the epidermis and those of the sebaceous
glands (6). The two sites appear to form different types of
lipids. In man the epidermis is the active site of cho-
lesterogenesis, whereas the sebaceous gland forms little or
no cholesterol but actively forms squalene (6, 7). Bio-
logical and anatomical features lead us to expect such a
difference. In both the epidermis and the sebaceous
gland, cells attached to a basement membrane undergo
division and most of the daughter cells move away from
the attachment membrane into a lethal environment.
In the epidermis the cells are subjected to a complex dry-
ing process which leads to the formation of the horny
layer, whereas in the sebaceous gland the cell still re-
mains enclosed in an acinus of the gland. The sebaceous
cell is virtually incubated under conditions resembling
those of tissue culture, and supports lipogenesis. It
finally becomes so distended with lipid globules that the
cell wall ruptures and the lipid, sebum, is liberated into
the sebaceous duct. It is not yet clear to what extent
epidermal lipogenesis is limited to the basal cells and to
what extent it occurs after these cells have moved away
from the basement membrane. For the sebaceous gland,
however, we know that lipogenesis seems to begin only
after the cell has left the basement membrane; that it
appears to be a true de novo lipogenesis of both fatty
acids and other lipids [there is some evidence that in the
sebaceous gland acetate-*C is incorporated into fatty
acids, sterols, and other lipids (8)]; and that it does not
involve degeneration of the nucleus or cytoplasm since
these remain unchanged until the cell wall ruptures (9).
In addition to these differences in cellular environment,
other factors must play a role. Permeability constants of
the basement membranes of the epidermis or sebaceous
gland will determine the amounts of precursors available
for lipogenesis. The oxygen available to the cells under-
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going lipogenesis will not be the same in both sites.
Finally, the sebaceous gland cells are rich in mitochon-
dria whereas mitochondria are sparse in the epidermal
cells (10).

Studies of cutaneous lipogenesis have employed skin
slices from man (6, 11) and rat (12), rat preputial glands
(13), or a tumor of this gland (14), all under in vitro
conditions. Other studies have used separated fractions
from mouse skin (15). The considerations given above
lead us to question the interpretation of data obtained in
vitro. Basic data obtained under in vivo conditions are
needed for a point of reference. Hepatic and cutaneous
lipogenesis are difficult to study separately in the intact
animal; hence a skin perfusion model is required. Such a
perfusion technique has been described for the dog by
Kjaersgaard (16), and simplified by Adachi and Chow
(17). This method is suitable for the study of cutaneous
lipogenesis, and preliminary reports based on its use have
already been published (8, 18). The technique possesses,
however, certain inherent limitations; therefore we have
paid particular attention, in the present study, to the
reproducibility and value of the method.

In this study, the subcutaneous fat was removed from
the skin and discarded. It is not a true part of the skin,
and lipogenesis in this tissue should be considered sep-
arately.

MATERIALS AND METHODS
Materials

Uniformly labeled sodium acetate-*C, r-alanine-C,
glycine-"C, vr-isoleucine-#C, vL-leucine-“C, r-phenyl-
alanine-“C, and L-valine-C; glycine-1-14C and glycine-
2-14C were all obtained from Nuclear-Chicago Corpora-
tion, Des Plaines, Ill. These sample compounds, manu-
factured at the Radioactive Chemical Centre, Amer-
sham, England, were provided together with assay data.
They were used without further purification. Stated
specific activity varied from 5 to 174 mc/mmole and
purity was stated to be not less than 98%,. One-dimen-
sional TLC (chloroform—methanol-ammonia 2:2:1)
followed by radioautography indicated that the purity
was acceptable.

Perfusion of Dog Skin

Dogs, weighing at least 20 kg, were anesthetized with
Nembutal (sodium pentobarbital, Abbott Laboratories,
North Chicago, I1l.) and the skin flap of the thigh was
isolated by the surgical procedure of Adachi and Chow
(17). The two shunts, with three-way stopcocks, were in-
serted as described; one joins the femoral artery to the
saphenous artery, the other the femoral vein to the
saphenous vein. Ligatures were placed as described; in
addition, however, we frequently encountered more than

one cutaneous branch from the saphenous artery. When
branches led away from the isolated skin flap, they also
were ligated.

Oxygenated blood, 30 ml, was removed from the
femoral artery and heparinized, and the appropriate
precursor (dissolved in 1-4 ml of saline) was added. In
order to avoid possible physiological effects of the pre-
cursor itself, we added no additional carrier material. In

- early experiments three dogs received 20 uc and one 5 uc

of acetate-C, but in all subsequent experiments the
amount of radioactive precursor was standardized at 10
uc. The blood was perfused through the skin flap, via the
three-way stopcock on the arterial side, at a rate of 1
ml/min. The effluent perfused blood was collected via
the three-way stopcock on the venous side, and was not
allowed to return to the main circulation through the
femoral vein. Some 907, of the perfused radioactivity re-
mained in the blood after perfusion. After the entire
blood sample had entered the skin, 1 ml of methylene
blue was perfused through the flap so that the precise
area of perfusion was indicated. The flap was then ex-
cised.

Extraction and Fractionation of Lipids

The excised skin was freed from subcutaneous fat, cutinto
small pieces, and freeze-dried overnight. The dried skin
was ground in a Wiley mill through a 20 mesh screen,
and then dried in a desiccator under vacuum to con-
stant weight. The lipids were extracted by refluxing with
acetone in a Soxhlet apparatus for 5 hr, purified by
passage through chloroform, thoroughly dried, and
weighed. The lipid sample was dissolved in ether and the
solution was washed with a 0.59%, solution of the appro-
priate amino acid in 0.1 N HCl, in order to remove any
unchanged radioactive amino acid. Washing was con-
tinued until the specific activity of the lipids reached a
constant level.

The lipids were separated into free fatty acids and
neutral lipids by alkali extraction (2). Aliquots from both
fractions were set aside for measurement of radioactivity.
The isolated free fatty acids were invariably contaminated
with neutral lipids. They were purified by passage of
their solution in hexane through a 10 g column of
Amberlite IRA-400 ion exchange resin [previously
brought into the OH~ form with NaOH and washed
(19)] followed by elution with acidified methanol. The
radioactivity of a portion of the purified fatty acids was
determined.

The neutral lipids were further fractionated by pre-
parative TLC. Plates, 1 mm thick, were prepared with
Merck Silica Gel G, the lipid was applied by multiple
spotting, and the plate was run in benzene to a height of
10 cm. The separated bands of lipid were located by
means of 2,7-dichlorofluorescein and scraped from the
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plate. Sufficient lipid for radioactivity determination was
obtained by the use of several such plates (up to 15); the
amounts of silica scraped off with each fraction therefore
amounted to several grams, and could not be added
directly to the scintillation fluid. The lipids were first
recovered by extraction with chloroform in a Soxhlet
apparatus and their radioactivity was determined as
described below.

Measurement of Radioactivity

Radioactivity was measured by means of a Nuclear-
Chicago Model 701B Liquid Scintillation Spectrometer
with 2,5-diphenyloxazole (PPO) and 1,4-bis[2-(5-phenyl-
oxazolyl) ]-benzene (POPOP) as scintillators. 15 ml of a
solution containing 4 g of PPO and 50 mg of POPOP per
liter of toluene was used for each determination. Lipid
samples were dissolved directly in the scintillator solu-
tion; tissue samples were digested with either Hyamine
hydroxide [p-(diisobutylcresoxy-ethoxyethyl) dimethyl
benzyl ammonium hydroxide, 1 M in methanol; Nuclear-
Chicago] or NCS™ (a quaternary ammonium hy-

droxide solubilizer available from Nuclear-Chicago),
then dissolved in the scintillator solution. Results were
corrected for quenching by means of an internal standard
of hexadecane-“C. Efficiency was determined daily by
means of toluene-C standard ; this averaged 719, under
the conditions used. The size of the lipid sample was
selected to give a counting rate of at least twice the back-
ground count, and the statistical error of counting was
kept below 59%,.

RESULTS

Incorporation of Perfused Acetate into Cutaneous Lipids

Dogs perfused with 5, 10, or 20 uc of acetate-4C all
showed incorporation into the skin lipids. The amount of
activity incorporated ranged from 0.4 to 5.79, of the
acetate perfused (Table 1) and incorporation into all
isolated lipid fractions occurred (Table 2). In a pre-
liminary report (8) this index, namely the percentage of
perfused activity incorporated into the lipids isolated
from the skin, was used as a measure of the extent of in-

TABLE 1 INCORPORATION OF PERFUSED ACETATE INTO CUTANEOUS LipPiDs

Lipid Incorporation

Specific Activity

% of Total % of Total Ratio of
Dog Amount Perfused Tissue Residual Specific
No. Perfused Activity Activity Lipids Tissue Activities

e nclg

1 20 1.79 21.4 0.175 0.140 1.25
2 20 2.07 31.4 0.104 0.130 0.80
3 20 0.43 20.6 0.114 0.060 1.90
4 10 2.89 21.4 0.305 0.278 1.10
5 10 5.67 16.6 0.107 0.222 0.48
6 10 3.10 25.8 0.762 0.186 4.10
7 5 1.80 12.3 0.014 0.048 0.40
Mean 2.54 21.4 0.226 0.152 1.43
sD +1.64 +4.6 +0.256 +0.83 +1.28

TABLE 2 DISTRIBUTION OF INCORPORATED RADIOAGTIVITY IN LipiDs DERIVED FROM ACETATE

Dog* Average

for Dogs Dog

Fraction 4 5 6 4-6 7*

9, total lipid activity 9, total lipid activity
Free fatty acids 5.6 9.4 9.7 8.2 23.5
Hydrocarbons 0.0 0.1 0.1 0.1 0.2
Sterol esters 0.9 0.8 3.5 1.7 0.6
Waxes 0.8 0.8 1.0 0.9 0.6
Methyl esters of fatty acidst 51.0 4.3 2.0 18.8 1.2
Triglycerides 13.2 47.5 71.6 44 .1 25.0
Unidentified band { 1.2 1.1 2.8 1.7 3.7
Free sterols 9.7 22.1 3.1 11.9 37.5
Polar lipids§ 17.7 13.9 5.5 12.4 20.7

* Data not available for dogs 1, 2, and 3. Dogs 4-6 received 10 uc of acetate-1C, Dog 7 received

5 uc.

t Provisional designation, on basis of R, (TLC) only.
1 Possibly diglycerides or esters of dihydroxy-sterols.

§ Includes phosphatides and other polar lipids.
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TABLE 3 INCORPORATION OF PERFUSED AMINO ACIDS INTO
CutaNEOUS Lirips

Mean
No. Lipid Efficiency

of Incorporation of

Per- as % Total Tissue Lipo-
Amino Acid fusions Activity genesis*

%
Glycine-1,2-14C 2 0.30 0.95 2.9
Glycine-1-4C 2 0.43 0.41 2.0
Glycine-1-4C 2 0.78 0.75 3.6
Alanine-U-4#C 2 0.23 0.38 1.4
Isoleucine-U-14C 3 1.10 4.80 2.20 12.6
Leucine-U-4C 2 2.25 3.95 14.0
Valine-U-4C 3 1.5 3.5 0.50 8.4
Phenylalanine-U-4C 3 1.24 1.36 0.46 4.8

Amount perfused standardized at 10 uc.
* Expressed in terms of acetate incorporation {(Table 1, column
4) as 1009, efficiency.

corporation of the radioactive precursor. This index is in-
accurate since both the size of the skin flap perfused and
the lipid content of the skin showed very wide variations.
In the seven dogs perfused with acetate, the dry weight
of skin ranged from 2.4 to 9.0 g with an average of 6.2 g
while the lipid content of the dry skin was 10.6-38.59,
(average 22.39,).

To correct for these variations we considered two
other indices: (a) the radioactivity of the isolated lipids
expressed as a percentage of the radioactivity of the total
perfused skin (lipid plus fat-free residual tissue), and (4)
the ratio of the specific activity of the lipid to that of the
residual fat-free tissue. Both indices have been used in
Table 1. With the first index, the lipid incorporation
ranged from 12.3 to 31.49, mean 21.4 = 4.6 (sp) %;
coefficient of variation 219%;. The second index gave a
range of the ratio from 0.040 to 4.20, mean 1.43 + 1.28
(sp); coeflicient of variation 909,. Thus the results show
wide variation, for which neither index gives adequate
correction. In subsequent work the amount of precursor
to he perfused was standardized at 10 uc and results were
expressed in terms of the first index.

Of the incorporated radioactivity (Table 2), most
appears in the triglyceride fraction (average 44.29%, for
the three dogs receiving 10 uc) though appreciable
activity occurred in a band which just precedes the tri-
glyceride band. This band has an R, of 0.36, which is
identical with that of the methyl esters of fatty acids.
Further identification has not been attempted at this
time and the fraction has been thus provisionally de-
signated since such esters have been detected in other
tissues (20). Unidentified traces of material are also
found between the triglyceride band and the free sterol
band, at an R, of about 0.08; no attempt has been made
to identify this material. Substances such as diglycerides
and esters of dihydroxysterols have an R, in this region.

Although there was again wide variation from dog to
dog, the following general conclusion can be made.
Acetate is incorporated to a significant extent into free
fatty acids, free sterols, and the polar lipids, but not into
hydrocarbons, sterol esters, or waxes. The polar lipid
fraction consists of those compounds which remain at the
origin in the TLC system we used. It would include
phosphatides, monoglycerides, and *‘proteolipids” if
present.

Incorporation of Perfused Amino Acids
into Cutaneous Lipids

All the amino acids studied were incorporated into
lipids (Table 3), and into all the major lipid fractions
(Table 4). The percentage incorporated into lipid was
lower than that of acetate; it varied from 0.3%, with
alanine to 39, with leucine, as calculated by the index of
incorporation defined above. Much wider variations of
results with the same precursor were observed than with
acetate. Thus three perfusions with valine gave a mean
incorporation of 1.8 = 1.5 (sp) 9;; coefficient of varia-
tion 809

For comparison purposes the extent of incorporation of
acetate into lipids has been arbitrarily selected as rep-
resenting 1009, efficiency of lipogenesis. Efficiency of in-
corporation (Table 3) appears to be highest for the three

TABLE 4 DisTRIBUTION OF INCORPORATED RADIOACTIVITY IN LiPIDs DERIVED FROM AMINO ACIDS

Phenyl-
Glycine Alanine Isoleucine  Leucine Valine alanine
% total liprd activity

Free fatty acids 16.8 36.0 15.8 4.7 26.3 11.4
Hydrocarbons 0.2 0.3 0.7 0.2 0.3 0.2
Sterol esters 2.1 2.6 22.4 4.7 11.3 0.4
Waxes 1.9 1.7 4.9 4.5 3.5 1.0
Methy! esters of fatty acids* 10.9 4.7 15.3 29.8 25.6 1.2
Triglycerides 17.4 22.3 25.8 36.8 10.2 5.9
Unidentified band* 3.8 2.3 4.0 8.2 5.3 4.8
Free sterols 12.9 12.9 3.6 2.1 9.1 10.3
Polar lipids 33.1 17.1 7.5 9.2 8.5 64.9

* See footnote}, Table 2.
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branched-chain amino acids, valine, isoleucine, and
leucine, and lowest for the straight-chain amino acids,
alanine and glycine, with phenylalanine occupying a
position between the two groups. The two carbons of
glycine seem to be incorporated into lipids to about the
same extent. The distribution of incorporated activity
among the lipid classes was different for the different
amino acids.

DISCUSSION

The principal reactant in lipogenesis is acetyl-CoA,
which may be supplied by breakdown of carbohydrates,
of fat, or of amino acids. Since acetate is incorporated
into cutaneous lipids more actively than any other pre-
cursors studied, we have expressed the efficiency of lipo-
genesis from amino acids in terms of the extent of in-
corporation of acetate into lipid.

With a technique of this type, wide variations are to
be expected. The area of skin perfused is different for
different animals, and the lipid content of the skin also
showed considerable variation. Attempts were made to
correct for these variables by the use of different indices
of the extent of incorporation. Wide variations were
nevertheless observed in the results in spite of the correc-
tion for skin flap size; they may be attributed to many
causes. Dogs available for experimental purposes are, for
the most part, poor creatures; unwanted animals whose
state of health and nutrition is questionable and which
can rarely be adequately assessed. Hence, variation will
be observed due to (@) previous malnutrition, which may
cause changes in the enzyme levels in the tissues (21),
and (4) changes in the permeability and physical state
of the cutaneous blood vessels due to old age or ill-
health. (In our experiments the dog surgery was per-
formed from a few hours to 3 days after receipt of the
animal from the suppliers. We experienced greater diffi-
culty with the perfusion in older animals; skin circulation
was often blocked by thrombosis.) Variations in the
activity of skin enzymes due to other physiological causes
might also be expected; in addition, the circulating blood
contains both barbiturate and heparin, either of which
could affect lipogenesis. These unavoidable factors are
largely uncontrollable; they impose severe limitations on
the procedure. For this reason care must be taken in the
interpretation of results.

In addition to the limitations imposed by the uncon-
trolled variables of the perfusion technique, further
limitations result from the low specific activity of the
lipids obtained (sometimes as low as 0.004 uc/g). In
addition to increasing the time required for accurate
counting (and hence the length and expense of the inves-
tigation) this means that the lipid samples are too small
for degradation or other detailed studies needed for
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elucidation of metabolic pathways. Attempts to obtain
more active samples by recirculating the perfused blood
have not been successful because of the blood vessel
damage and blockage that result from prolonged per-
fusion. The perfusion of larger amounts of radioactive
precursor (above 20 uc) has not been attempted. Indeed
since the increase would, in some cases, need to be a
thousandfold or more this becomes economically im-
practicable if “C is used as label. We consider, then, that
the perfusion technique, while more valid from a bio-
logical standpoint and capable of providing valuable
preliminary qualitative data, is not sufficiently repro-
ducible to give reliable quantitative data, which will
have to be obtained by indirect methods.

One characteristic feature of the cutaneous lipids of
man and animals (21) is the high proportion of branched-
chain fatty acids. If these are derived from branched-
chain amino acids, as first proposed by Velick and
English (22), we would expect preferential utilization of
branched-chain amino acids for lipogenesis in skin,
especially as compared to other tissues. The preliminary
results reported here are in accordance with this expec-
tation (Table 3) and contrast with the findings in adipose
tissue [reviewed by Feller (23)], where the order of
activity seems to be leucine > alanine > isoleucine >
valine = glycine = phenylalanine.
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