Skin Lipids: Their

Biochemical
Uniqueness

Unlike internal organs, the skin biosynthesizes and

‘excretes unusual fat soluble substances.

The skin occupies a unique position.

in the family of tissues of the living
organism; on one side it faces the
atmosphere and an unpredictable en-
vironment, and on the other side it
faces a cellular milieu and the circulat-
ing blood. The cells of the skin have
adapted themselves to this role by
developing a chemcial profile that is
distinct to this organ. In this article I
show that study of skin lipids as a class
of chemical constituents of the skin
offers a unique opportunity to investi-
gate the functional specialization of
this tissue.

Lipids, or fat soluble substances in
general, are present in all cells. They
subserve two major functions: as
structural entities and as a means for
storing energy. The major structural
use of lipids is in membrane forma-
tion. Here phospholipids, sphingolipids,
and the sterols play dominant roles.
Their hydrophobic parts form flexible
cell membranes that contain the cell’s
aqueous contents, thus delineating the
cell from its environment, and also
serve to organize the cell’s internal
structure into subcellular compartments
or organelles. The hydrophobic prop-
erty of lipids also offers the cell other
structural devices. Hydrophobic sub-
stances provide relatively fixed points
in the aqueous cytoplasm about which
enzymatic sequences can be organized.
They also provide a means to bring
enzymes to the conformation necessary
for them to carry out their functions.
The long hydrocarbon chains of the
triacyl glycerol lipids (triglycerides)
offer the organism an efficient means
of accomplishing energy storage, not
only by providing a high yield of
chemical energy from the oxidation
of the many carbon and hydrogen
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atoms of the acyl groups, but also by
providing heat to help maintain body
temperature. The major portion of the
organism’s lipid synthesizing capability
is geared to produce lipids for these
two functions: structural entities and
energy.

Animals do, however, produce lipids
for external functions—that is, to be
excreted externally, in contrast to the
internal functions listed above. These
lipids are synthesized in the skin, pri-
marily in various types of sebaceous
glands. The products of these glands
are the “unique” lipids with which this
paper is concerned. By contrasting the
manner in which the excreted lipids
differ structurally from those which are
used internally one may gain clues to
the understanding of the function of
excreted lipids.

The Origin of Skin Lipids

Surface lipids can be extracted from
the surface of the skin by either wiping
it with fat-free cotton pledgets soaked
in a solvent (hexane, ether, or ace-
tone), or by momentarily soaking or
otherwise exposing a portion of the
body skin surface to solvent. Such
lipids are easily obtained from human
beings, and their composition has been
extensively studied; consequently, they
are suitable compounds with which to
start in making comparisons with lipids
of internal tissues. They are, however,
of complex origin, and it will be profit-
able to consider anatomical and other
elements that contribute to their com-
position.

Figure 1 is an artist’s concept of
human skin with the epidermis and
its appendages separated in part from

the underlying dermis. Most of the
lipids of the skin surface come from
the sebaceous glands, which excrete an
oily, waxy material called sebum. Most
of the remaining lipids come from the
stratum corneum cells of the epidermis.
The relative contribution of lipid from
each of these sources depends upon
the number of sebaceous glands present
at the particular site sampled. Although

sebaceous glands are found in most

areas of the body, there can be as

many as 900 glands per square centi-

meter on the scalp or face to less than

50 glands per square centimeter for the

forearm. There are no sebaceous glands

on either palms or soles. However, the

amount of sebum on the skin surface

cannot be correlated exactly with the

number of glands present, since sebum

flows from areas of high density to areas

of low density through the stratum cor-
neum (). There are two types of sweat

glands in skin: eccrine and apocrine

glands. Eccrine glands are responsible

for thermoregulation; the function of

apocrine glands is not known. Eccrine

sweat glands are widely and uniformly

distributed over the body, but apocrine

glands have only a limited distribution,

being found chiefly in the axilla, the

pubic area, the areola and nipple, and

occasionally in other areas. It has not

yet been established whether eccrine

sweat glands, apocrine glands, hair, or

microflora resident in the skin con-

tribute substances to the surface lipids,

although it is known that microflora do

modify these lipids in a manner to be

described. It is probable that a small

amount of material originates from

these sources.

Epidermal lipids free of sebum can
be obtained by separating the epidermis
from the dermis of palm or sole skin
and extracting the lipids. The separa-
tion can be accomplished in a variety
of ways. Exposure of the skin to heat,
ammonia, or salt solutions will weaken
the dermal-epidermal junction suffi-
ciently to enable one to tease away the
epidermis from the dermis in a manner
similar to that seen in Fig. 1. One can
further separate the “living layer” of
the epidermis from the “dead layer’—
that is, from the stratum corneum that
lies above the living cells. This can be
accomplished by placing epidermis,
freshly separated from dermis, on filter
paper moistened with trypsin solution.
The cells of the living layer stick to
the paper, but the stratum corneum
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remains as a sheet that can be lifted
away.

Another type of sample we have
found useful in these studies is vernix
caseosa. This is the greasy matter that
covers the newborn. It consists of fetal
sebum and keratinized cells, thus it is
a sample comparable to adult skin
surface lipids in that it has components
from both epidermis and sebum. It
also has the virtue of being free from
external contamination, from atmo-
spheric oxidation, and from bacterial
alteration. But fetal sebum is not iden-
tical to adult sebum, as I shall show.

Still other useful samples are the
excretions of specialized types of se-
baceous’ glands that occur in both man
and animals. In man, for example, it
appears that such glands exist at all
points of possible entry to the body. At

the edge of the eyelids there are very
large types of sebaceous glands called
meibomian glands; the ears have ceru-
menous glands; there are many large
sebaceous glands at the opening of the
nostrils; on the vermilion surface of
the lip there are sebaceous glands that
excrete directly onto the skin surface;
in the buccal mucosa are sebaceous
glands called Fordyce’s glands; in the
nipple are to be found Montgomery’s
glands; in the prepuce and in the ano-
genital areas of man and other animals
there are many sebaceous glands, some
of which may also serve as scent
glands. Birds have a very large seba-
ceous gland at the base of the tail
feathers called the preen gland which
excretes a waxy material that is ap-
plied to their feathers in the act of
preening.

Table 1. The lipid composition of various parts of adult human skin.

. . Surface

Sebum* Epidermist g

Component lipidst

(%) (%) (%)
Squalene 12 <05 10

Sterol esters <1 10 2.5

Sterols (unesterified) 0 20 1.5
Wax esters 23 0 22
Triacyl glycerols 608 10 25
Di- and monoacyl glycerols 0 10 10
Unesterified fatty acids 0 10 25
Glyco- and phospholipids 0 30 0
Unidentified 5 10 4

* Computed from thin-layer chromatography data of sebaceous gland lipids (5) and unpublished data

2.

f Computed from Miettinen and Luukkiinen (3) and Nicolaides (5).

1 Computed from

o). § Note that the sum of the tri-, di-, and monoacyl glycerols plus the unesterified fatty acids
constitute 60 percent of the lipids for both sebum and surface lipids.

Fig. 1. The human skin. Its three major layers are A, the epidermis; B, the dermis
and C, the subcutaneous fat. Epidermis can be divided into D, stratum corneum (dead
layer); and E, living epidermis (living layer). Epidermal appendages are F, hair
follicle; G, sebaceous glands; H, eccrine sweat glands; and J, apocrine sweat glands.
Sebaceous glands excrete into the open space of the hair follicle from which the hair
emerges. This space is open to the skin surface. [By courtesy of Dr. W. Montagna,
Oregon Regional Primate Research Center, Beaverton, Oregon]
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Unusual Lipids Occurring in Skin

Skin lipids manifest their uniqueness
in a variety of ways. For example, dur-
ing the synthesis of an internally valu-
able lipid, such as cholesterol,. certain
intermediate compounds accumulate in
the skin. Squalene, a triterpenoid hy-
drocarbon containing 30 carbon atoms
(Csy), is such an intermediate. Note that
in human sebum, squalene is a major
component (Table 1). Squalene does not
normally occur in large concentrations
in animal tissues except in shark liver.
However, nearly all tissues synthesize
squalene, but rapidly convert it to
cholesterol. In adult human skin, squa-
lene accumulates. In vernix caseosa,
besides squalene, lathosterol, another in-
termediate, is present in relatively large
amounts (2, 3). In other animals, other
intermediates formed during the syn-
thesis of cholesterol accumulate. For
example, lanolin, a product obtained
from sheep sebum, has long been known
to contain lanosterol, the first cyclized
product formed from squalene on this
pathway. In normal rat skin, in rat
preputial gland (a large type of seba-
ceous gland), and in rat preputial gland
tumors, many of these intermediates ac-
cumulate (4). This accumulation of in-
termediates is not confined to squalene
and its cyclized products. In human
skin, farnesol, a C,;5 sesquiterpene
alcohol whose pyrophosphate ester is a
precursor of squalene, also occurs in
small amounts (5). A careful analysis of
skin lipids might also reveal the pres-
ence of geraniol, the C;, monoterpene
alcohol intermediate of cholesterol syn-
thesis. It is because of this accumula-
tion of intermediates that considerable
progress was made in the early elucida-
tion of the pathways of cholesterol syn-
thesis (4); such accumulation of these
intermediates does not normally occur
in most internal tissues.

The skin not only accumulates un-
usual intermediates during the synthesis
of what would be an internally valuable
lipid, such as cholesterol, but it also
synthesizes some unusual compounds,
such as the wax esters, solely for exter-
nal excretion. Wax esters serve as a
means for storing energy in many aqua-
tic animals (6). In the tissues of most
land animals, however, they occur only
in trace amounts except in the skin (7).
Here they occur as monoesters and as
diesters. In human sebum, wax mono-
esters are major components (Table 1).
Other animals synthesize both mono-
and diester waxes in significant amounts.
There are at least two types of diesters
(Fig. 2): type 1 is a diester of an a-
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hydroxy fatty acid in which the a-hy-
droxy group is esterified with another
fatty acid and the carboxyl group is
esterified with a fatty alcohol. Type 2
is a diester of a long chain alkane diol
where each OH group is esterified with
a fatty acid (8). In addition, there are
at least two kinds of alkane diols: 1,2-
diols (9) and 2,3-diols (10). In human
beings, diesters of 1,2-diols constitute
about 3 percent of the lipids of vernix
caseosa, and trace amounts occur in
adult sebum. Human meibomian glands
(whose ducts empty at the edge of the
eyelid), excrete two types of diesters not
yet characterized (Z1). In birds, the
preen gland excretes diesters of alkane
2,3-diols as the major lipid, and in
some birds, as the sole lipid.

The triacyl glycerols constitute 60
percent of the lipids of human sebum
(Table 1). In the ducts of the sebaceous
gland and on the skin surface they are
hydrolyzed to a variable extent by
lipases to form free (unesterified) fatty
acids, mono- and diacyl glycerols, as
well as free glycerol, a nonlipid (12).
Unesterified, fatty acids do not nor-
mally occur in internal tissues because
they are toxic. However, they do occur
in blood, in the form of a complex with
albumin, In sharp contrast, on the sur-
face of the human skin, free fatty acids
do occur, sometimes in very large
amounts.

Interestingly, the triacyl glycerols and
their products derived from hydrolysis
occur-only in the skin surface lipids of

Type 2(a)

Type 2(b)

Fig. 2. Waxes occurring in the surface
lipids of man and animals. (A) The
monoesters are a group of long chain
fatty acids esterified to a group of long
chain fatty alcohols. (B) There are at
least two types of diesters. Those of type
1 are a-hydroxy fatty acids esterified to
another group of fatty alcohols and a
third group of fatty acids. Those of type
2 may be either (a) 1,2-alkane diols
esterified to two groups of fatty acids or
(b), 2,3-alkane diols esterified to two
groups of fatty acids.

4 OCTOBER 1974

human beings. The skin surface lipids
of most other animals, including some
primates such as the chimpanzee and
the baboon, contain little if any of these
products. Animal surface lipids con-
sist largely of mono- and diester waxes,
sterol esters, and free sterols (13). These
esters are apparently not hydrolyzed,

- because no free fatty acids have been

found in the surface lipids of the
animals examined thus far.

The uniqueness of skin lipids is ex-
pressed most fully in thé types of fatty
chains synthesized. Although human
sebum consists mainly of triacyl glyc-
erols, a commonly occurring class of
internally valuable lipids, the acyl
groups of sebum triacyl glycerols make
them unique. This is also true of the
acids and the alcohols that make up
the wax esters. The uniqueness mani-
fests itself in the number and kind of
carbon skeletal types, in the extremely
wide range of chain lengths, and in
the unusual patterns of unsaturation.
The resulting variety of acyl groups in
skin lipids is exceeded in complexity by
few, if any, other natural mixtures of
lipids. Table 2 gives examples of the
carbon skeletons of the types of fatty
chains found in human sebum, and
Table 3 gives the range of carbon
chain lengths and quantitative data for
each type of chain. Most internal tis-
sues contain the normal saturated C,,
Cy¢ and Cyg acids as well as oleic and
linoleic acids. These acids also occur in
human surface lipids (see Table 4). The
total sum of these “biologically valu-
able” acids is 37 percent, but the re-
maining acids, some 200 species, are
not normally encountered in internal
tissues. Many of these acids, such as
those with odd numbers of C-atoms, or
those with the iso or anteiso structures
do occur in internal tissues in very small
amounts. They do not, however, make
up the bulk of the fatty chains as they
do in human skin surface lipid.

The branched acids (items 5 and 6
of Table 3) constitute a large number
of compounds even though they make
up but a small portion of the total
fatty acids. These acids also occur in
vernix caseosa, which makes it im-
probable that they are contaminants of
human skin (/4). In the preen gland
lipids of many birds, not only do mono-
and dimethyl branched acids occur, but
fatty acids with three, four, and five
methyl branches are sometimes major
components (15).

Normally, internal tissues of animals,
especially nervous tissue, synthesize
some fatty acids to a length of C,, as
components of the sphingolipids that

form membranes. In skin, however,
fatty chain lengths are extended far
beyond C,,. Fatty acids are found in
adult human skin surface lipids in de-
creasing amounts up to Cs,. In vernix
caseosa, in mouse skin, in rat skin,
and in the skins of many other animals
significant amounts of fatty acids with
extremely long chains occur (16-18).
In rat skin, for example, lengths up to
Cjs are detectable (I8). The upper
limit of chain length reported in studies
of this type often depends not so
much on what the investigator has
found in the sample, but how long he
or she has been willing to wait for an-
other peak to emerge from- the gas-
liquid chromatographic column.

It is certain that the lower ends of
the ranges of chain length listed in
Table 3 do not represent the shortest

Table 2. Examples of the carbon skeletons of
the acids occurring in human surface
lipids.

Abbreviated

Carbon skeletons formula

Straight chains with an even number of
' C-atoms

0
) C
/\A/\/\AMO H "

ANANANNANNNAAOH Cye

Straight chains with an odd number of C-atoms

[0]
NMANAAAAGH Cs
1}
INANAAAAAAG G
Iso chains

o]
A i80-Cyg
Y\/\/\/\/\/\/\o H
)VVV\/V\/\/\O H iSO'Cu
Anteiso chains

0
/Y\/\/\N\/”\OH anteiso-C,;
2
/\MMNV\OH anteiso-Cy,

Other monomethyl brqnched chains*

o]
A 4-Me-C,,
/\N\/\/Y\/\OH

0

WOH 6-Me-Cyy

Dimethyl branched chains

)
Y\/V\/\/\/\/'\OH 4,14-diMe-Ci
Q
/\(\/\/\/\/\‘/\OH 2,12-diMe-Cy,
0
/\/YY\/\/\OH 6,8-diMe-C,,

# These methyl branches appear only on the even
numbered C-atoms, the C-atom of the carboxyl
group being counted as 1.
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chain lengths of each skeletal type actu-
ally present. The methyl esters of acids
in the C;, range and below are quite
volatile and will be lost in the usual
techniques of fatty acid isolation and
methyl ester preparation unless special
precautions are taken to prevent this.
The values listed are those we have
obtained in our laboratory during ex-
periments in which no special precau-
tions were taken to avoid such losses.
Weitkamp et al., in their analysis of
human hair fat, a sample similar to
skin surface lipid, reported the pres-
ence of acids with chain lengths as
short as C; (I9). It is also very
probable that the components respon-
sible for the offensive odor of brom-
hidritic feet are acids in the C, and C;
range. The point of this discussion is
not to establish exactly the range of
the chain lengths but to note that it is
extremely wide, extending from very
low to very high, such a range being a
unique feature of the human surface
lipids.

Before I discuss the unsaturated
acids, which also have a number of
features that are unique to the skin
lipids, some discussion of methods and
definition of terms and symbols is in
order. The position of a double bond
in a monoene fatty chain can be con-
veniently determined by reductive
ozonolysis. In this procedure the mole-
cule is split at the double bond, and
the number of C-atoms in each frag-
ment indicates the position of the dou-
ble bond. If the double bond of a
fatty acid is between the ninth and the
tenth C-atoms, the C-atom of the car-
boxyl group being counted as number
1, this position is indicated as A9. If
the acid has 18 C-atoms, the abbreviated
formula or structure is shown as
Cis:1a9 or, more simply, as Cis:a9
(see Table 4). The formula Cis:249,12
indicates a fatty acid with 18 C-atoms
and two double bonds whose positions
are between the ninth and tenth C-
atoms and the 12th and 13th C-atoms.
Many acids are biosynthesized from

Table 3. Carbon skeletal types of the acids of human surface lipids. Structures are shown in

Table 2. Data from (I1).

Saturates Monoenes Dienes
Carbon skeletal type
Range % Range % Range %
1. Straight chain* Cy, to Cyy 358 C, to C,, 364 Cy to Co, 2.8
2. Straight chaint Cyto Cyy 54 Cy to Cs 39 Cynto Cy 01
3. Iso Cyp to Coy 4.0 C.to Cy 53
4. Anteiso Chto Cyp 14 Cgsto Cy 13
S. Monomethyl branched C,, to Cys 2.6 Cqrto Cys 02
6. Dimethyl branched} Cys to Cyy 0.8 ?
Totals 50.0 47.1 29

* Straight chains with even numbers of C-atoms.

atoms.

t Straight chains with odd numbers of C-

i Very small amounts of trimethyl branched acids are also present.

Table 4. Twenty-one of the fatty acids of human skin surface lipids. Each of the fatty acids
listed constitutes at least 0.5 perceni of the total.

Name Abbreviated Amount

formula (%)

Palmitic* n-Cyg 25.33
cis-Hexadec-6-enoic Cie:148 21.70
cis-Octadec-8-enoic 18:1A8 8.75
Myristic* n-Cy, 6.88
cis-15-Methylpentadec-6-enoic i80-Cyq.106 3.96
Pentadecanoic n-Cy 3.95
Stearic* ) n-Cyg 2.89
cis-Octadec-6-enoic (petroselenic) Cis:1a06 1.87
Oleic* Cis:1a0 1.87
cis-Heptadec-6-enoic Cir:1a6 1.31
12-Methyltetradecanoic anteiso-Cys 1.13
Octadeca-5,8-dienoic (sebaleic) Cis:oa5,8 . 112
cis-Tetradec-6-enoic 4:146 1.06
Heptadecanoic n-Cyy 1.06
cis-Heptadec-8-enoic Cir:1a8 0.82
cis-14-Methylhexadec-6-enoic anteiso-Cyy.1a6 0.81
cis-16-Methylheptadec-8-enoic 180-Cis.145 0.78
4-Methyltetradecanoic 4-Me-C,, 0.70
Linoleic* Cis:29,12 0.53
cis-Eicos-10-enoic 9011410 0.52
cis-Eicos-7,10-dienoic 20:247,10 0.51
Totalt 87.55

* “Biologically valuable” acids (total, 37 percent).
ing 12.45 percent.
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¥ Some 200 additional acids make up the remain-

others by extending the chain at the
carboxyl group in units of two C-atoms.
Thus if Ci6:49 were extended succes-
sively by several C, units one would
get C1s:411, C20:413, C22:415, and so
on. A group of such acids which differ
from each other in structure only by
an integral number of C, units con-
stitutes what I am here calling a family.
The family is named after the member
considered to be the one from which
the others are derived. The members
of each family have the same number
of C-atoms from the methyl end of
the chain to the double bond. All acids
of human surface lipid are considered
to have the cis configuration unless
otherwise indicated.

The presence of double bonds at A6
in the monoenoic fatty acids of human
skin surface lipid is a striking feature
(19, 20). In most naturally occurring
monoenoic acids the double bond posi-
tion is at A9. Monoenoic acids with the
A6 double bond are extremely rare,
occurring only in human skin, the
sebaceous tissues of some other ani-
mals, and the seed fats of the parsley
family and some other rare plants
21).

The commonly occurring A9 double
bond is present in appreciable amounts
in vernix caseosa lipid (16, 22) and to
a small extent in adult human skin
surface lipid. But the A9 double bond
does not occur to any great extent on
a Cyg chain to form the major mono-
enoic acid of the biological world,
namely, oleic acid. Instead, it occurs
mainly on Ciq chains to form pal-
mitoleic acid (Cis:49) and its exten-
sion products. Although palmitoleic
acid does occur in many internal tis-
sues, it is usually a minor component.
Its extension products are even more
rare. In vernix caseosa, however, it
appears that a very large proportion
of palmitoleate chains are extended to
Cis:1a11, Ca0:1a13, Ca2:1a15, Co4:1417,
C26:1a19, and Co2s:1a21 and beyond,
since these acids occur in large amounts.
Thus there is present a family of very
long chain unsaturated acids all with
double bonds between the seventh and
eighth C-atoms from the methyl end
of the chain, an unusual occurrence.

The Ci16:140 and the Ci6:146 fami-
lies make up the largest portion of
fatty acid monoenes of vernix caseosa
and of human skin surface lipid. But
many other families are also present
in both lipid samples (Fig. 3). Not
only do the straight even chains form
families, but so do straight odd chains,
iso chains, and anteiso chains. In fact
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every chain length from each skeletal
type of saturated fatty acid which un-
dergoes either A6 or A9 desaturation
can form a family. These families in-
clude not only elongation products but
degradation products as well, giving
rise to a very large number of fatty
acid monoenes. From the fatty acids
of wax esters of vernix caseosa, we
have been able to identify no less than
24 families representing 54 different
molecular species. The sterol cster fatty
acids yielded 28 families and 124
molecular species. Human surface lipids
showed a similar array of acids for
these lipid classes (23). These are, in-
deed, unique features as far as the
composition of fatty acids in natural
mixtures is concerned. They are unique
with regard to where the position of
unsaturation occurs in the fatty chain;
they are unique with regard to the
number of skeletal types of fatty chains
in which these types of unsaturation
occur; they are unique with regard to
the lengths of chains in which the un-
saturation occurs—that is, the degree
to which the chains are extended; and,
finally, they are unique in that so many
different fatty acids are made.

The unusual fatty acids discussed
above are products of sebaccous glands;
however, the epidermis contributes
some unusual fatty acids to the skin
surface by a different method. This be-
came apparent when we examined the
fatty acids of the living layer and
stratum corneum obtained from sole
skin. At least 80 percent of the acids
of the living epidermis were of the
“biologically valuable” type, whereas in
stratum corneum these were reduced
to about 60 percent. Of the acids re-
maining in the stratum corneum, many
had odd numbers of C-atoms, were
branched, and were longer than C,,
(24). One can rationalize these results
as follows: While epidermal cells are
still viable and actively synthesizing
keratin, the fatty acids produced or
obtained from the diet are of the type
used internally—that is, they are bio-
logically valuable. In late stages of
keratinization, when the epidermal cells
are somewhat removed from the der-
mis, which is their source of nutrients,
the subcellular membranes begin to dis-
integrate, and the biologically valuable
fatty acids that make up these mem-
branes are oxidized by the remaining
mitochondria to yield the adenosine
triphosphate required to complete the
keratinization process. The leftover
fatty acids then make their small con-
tribution to the surface lipid.
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Skin Lipid Biochemistry

In this section I point out in some-
what greater detail than previously the
manner in which skin modifies normal
biochemical processes to synthesize its
unusual lipids. I shall begin with the
types of fatty chains listed in Table 3.
Normally, fatty chains are built up by
a system of enzymes called the fatty
acid synthetases. The process is initi-
ated by a starter which is a derivative
of coecnzyme A (CoA). The hydro-
carbon chain is built up by adding to
the starter CoA derivative a number
of C, units. These C, units arc derived
from malonyl-CoA. The carbonyl (CO)
group to which the C, unit is added
remains as such in the lengthened
chain. This carbonyl group is then re-
duced to CH, by a cycle of four re-
actions before the next C, unit is added
(Fig. 4A). Thus, palmitate is formed
when seven C., units are added to
acetyl-CoA, the starter. Had either six

A
0
C16:46 "\ ANANALNAANA Gy
0
€18:A8 “"NANANANAAANA gy
0
€20: A10 NANANANACANNAAOH

9
C22: A12 NANANAAZA AN AA Y
and so on

B
0
C18:A6 “NANANANANAAGH
[0}
C20:A8 \/\/\/\/\/\__/\/‘\/\/"\on
0
€22:A10 NANANANACAAANA 54

and so on

¢ 0]
C17:46  ANAANANANA Gy
0]

Cio:A8 /\/\/\/\/\—_/\/\/\/\%H
C21:A10 ANANNANAANNNNOH

and so on
D

o 2
iso-C16:A6 - OH
. Q
i50-C18:06  ANAAANCAANAANACH
. 92
i50-C20: A 10 = o

and so on

or eight C, units been added to acetyl-
CoA instead of seven, then muyristic
(C,,) or stearic acid (C;g) would have
resulted. Note that since the acetyl
group of the starter has an even num-
ber of carbon atoms, a fatty chain with
an even number of C-atoms is pro-
duced.

Chains with an even number of C-
atoms are the major products of the
fatty acid synthetase system of most
internal tissues. In skin, however, a
variety of other types of chains are
also built up when different starters
are used (Table 5). For example, if
the starter is propionyl-CoA a chain
with an odd number of C-atoms re-
sults. Chains with odd numbers of C-
atoms can also be formed by decar-
boxylation of chains with even num-
bers of C-atoms after they have been
«a-hydroxylated (25). Since propionyl-
CoA can form or be formed from
methylmalonyl-CoA  (26), which is
needed in the synthesis of some of the

E
2
C16:A9 \ANANANNNCH
0
€18: A11 \ AN OH
Q
€20: A13 \"\AV/ANANAANANOH
. 9
22: A15 "ANTNNANANANNOH

and so on

F 0
C18:A9 NANANSAANANOH
2
C20:A11 \AN\/_'MAAN\OOH
C22:A13 NAANASSAANAANAK
: OH

and so on

G
2

C17;49 AN K

0

"
C19:411 /\/\/\/‘—\/\/\/\/\/\%H
Coy- _ i1
21:A13 WWV\OH

and so on

H 0
is0-C16: A1 /"\/\/W\/\/\/'\OOH
is0-C1g: A11 = A
: OH
iso-C = 2
20: A13 OH

and so on

Fig. 3. Some families of fatty acids occurring in sebum. Acids within a family differ
from each other in structure only by an integral number of C. units. The family is
named after the member considered to be the one from which the others are derived.
On the left are A6 families. (A) The Cis.ac family. (B) The Cis.ae family. (C) The
Ciras family. (D) The is0-Ciae family. On the right are A9 families. (E) The
Ciian family. (F) The Cian family. (G) The Ciriav family. (H) The i50-Cioian family.
[Courtesy W. Montagna and W. C. Lobitz, Jr.; © Academic Press]
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branched products found in skin, it
would seem biologically more efficient
to synthesize odd chains from propionyl-
CoA. Iso and anteiso fatty chains are
formed from starters that originate,
respectively, from the amino acids
valine and isoleucine. These amino
acids first undergo a transamination
reaction to form keto acids. The keto
acids are then oxidatively decarboxyl-
ated to form, respectively, isobutyryl-
CoA and a-methylbutyryl-CoA (27),
which serve as starters of the chain
building process (Fig. 4). A small
amount of the iso acids with an odd
total number of C-atoms, found in
vernix caseosa, could arise from iso-
valeryl-CoA as the starter derivative
which in turn could be formed analo-
gously from leucine (I4). Thus, by
varying the starter the skin can synthe-
size most of the types of carbon skele-
tons found in its fatty chains.
Biochemically, a methyl branch can
be placed throughout a fatty chain by
substituting a molecule of methyl-
malonyl-CoA for malonyl-CoA. The
branched acids of the preen glands of
the goose are known to utilize this
pathway (28). In the buildup of 4-
methylhexadecanoic acid, for example,
acetyl-CoA would react successively
with five molecules of malonyl-CoA,
utilizing five cycles of the fatty acid
synthetase system (Fig. 5). But on the
sixth cycle, a molecule of methyl-
malonyl-CoA would be used. On the
seventh cycle a molecule of malonyl-
CoA would again be used. If substitu-
tion of methylmalonyl-CoA for malo-
nyl-CoA occurred in the fifth cycle in-
stead of the sixth, then the product
would be 6-methylhexadecanoic acid.

Table 5. Examples of starters (derivatives of
CoA) that initiate the formation of fatty
chains in the skin.

Type of fatty
Starter acid formed

(0]

Il An acid with an
CH;—C—CoA even number
(Acetyl-CoA) of C-atoms

(0]

il An acid with an
CH,—CH.,—C—CoA odd number of
(Propionyl-CoA) C-atoms

CH; O
Ll
CH;—CH—C—CoA

(Isobutyryl-CoA)

CH, o
[ il
CH,—CH—CH,—C—CoA
(Isovaleryl-CoA)

CH; O
| Il
CH,—CH,—CH—C—CoA
(a-Methylbutyryl-CoA)

An iso acid with
an even num-
ber of C-atoms

An iso acid with
an odd number
of C-atoms

An anteiso acid
with an odd
number of C-
atoms

branch on an even-numbered C-atom
from the carboxyl group of the fatty
acid. It is precisely on the even-
numbered C-atoms that these extra
methyl branches have been found even
though we made intensive efforts to
look for methyl groups on the odd-
numbered C-atoms. If the starter acid
were propionyl-CoA, the main chain
would then have an odd number of
C-atoms, but the methyl branch would
still appear on the even-numbered C-
atoms (/4). Maximum amounts of
methyl branching appear on the fourth
C-atom for all chain lengths. The sig-
nificance of this is not known.
Dimethyl branched acids can be
made by inserting two molecules of

This process always places a methyl methylmalonyl-CoA into the fatty
A From
ﬁ ﬁ malonyl-CoA ?l ﬂ ﬁ
C C C c CH c
\./ /N !
\CH,, (l:u2 w3~ CHj CH, | —>—>—>—>CH; CH, |
i
From C=0 i
acetyl:CoA ! }
(starter) Enzyme Enzyme Enzyme
B
0 0 0 o 0
CHp o g CHy G . CHy CHy ¢
N / 7N\ NN !
CHy 2 ch, | —CHy;  CHy  CH, | ———Clig CH ¢, |
i
&=o0 | |
| | i
i i I
Enzyme Enzyme Enzyme

Fig. 4. Biosynthesis of the fatty chains of sebum. (A) The first cycle of the buildup of
a fatty chain; (B) the second cycle. Further cycles add additional C. units to build the

chain to its final length.
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chain. One of the two branches could
also be provided by the starter moiety
(Table 5). Very small amounts of
trimethyl branching have been found,
which could be formed similarly, and
it appears that methyl chain branching
other than iso or anteiso occurs on
chain lengths up to C,; and beyond
(11). Thus it is apparent that a large
number of compounds can be made
by utilizing an occasional methyl-
malonyl-CoA in the buildup of fatty
chains.

The desaturation processes occurring
in skin also exhibit some unusual bio-
chemistry. It was pointed out above
that few tissues can insert a double
bond into a saturated fatty chain at the
A6 position. If a double bond preexists
at A9, however, a new double bond can
be added in the A6 position. In the
biosynthesis of arachidonic acid, for
example, an early step is desaturation
of linoleic acid at A6 to form cis-6,9,12-
octadecatrienoic acid. Many internal
tissues have the capability of inserting
a double bond at A6, but only when
there already exists cis unsaturation at
A9. Indeed, Brenner (29) has proposed
a model for what he calls a 6-olefinase
where substrate binding to the enzyme
at the cis-A9 double bond brings the
chain to the A6 desaturating site of the
enzyme. If the preexisting double bond
is at A8, the new double bond forms
at AS; if at A7, the new one forms at
A4. The new double bond will always
be placed in the chain on the carboxyl
side of the existing double bond and
will be separated from it by a CH,
group. Thus, in these desaturations the
fact that the new double bond landed
at the A6 position is simply a conse-
quence of the existing cis-double bond
having been at A9, a highly favored
position of the unsaturated fatty acids
of most internal tissues.

Little is known about the skin en-
zyme (or enzymes) capable of forming
monoenoic acids with cis-A6 unsatura-
tion; however, we can already define
some of its properties. The enzyme
must be capable of recognizing the
distance from the carboxyl group to
the sixth C-atom for a variety of satu-
rated chain types. Apparently it does
not matter what the structure is on the
terminal part of the chain just so long
as there are six free C-atoms on the
carboxyl side.

The unique diene, sebaleic acid (cis-
5,8-octadecadienoic acid) occurs no-
where in nature, to the best of our
knowledge, except in the surface lipid
of human skin (30), its name reflecting
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its origin from sebum. Its biosynthesis
can easily be interpreted in terms of
the above processes: The major mono-
ene Cig:1a6 is first formed by what-
ever processes skin uses to accomplish
this cis desaturation, then it is extended
by a C, unit to Cis:1a8, and finally
desaturated in the manner described
above for acids with existing cis un-
saturation to form Cg.245,8.

Fatty acid chains are elongated bio-
logically by the addition of C, units
to the carbonyl group of the acid in
a manner somewhat analogous to the
original buildup of the fatty chain.
For example, the Ci6:46 family could
be formed if palmitic acid were first
desaturated at A6 then elongated in C,
units. Although the C1¢. ¢ family could
theoretically start from Ci4:a4 this
seems highly unlikely since so little
unsaturation occurs at A4 compared to
A6. By shortening C16: 46 by a C, unit,
Ci4:44 could be formed. Chain deg-
radation, a common biological pro-
cess, could also account for the very
short chains discussed earlier. Chain
lengthening and shortening can apply
to saturated acids as well as monoenes
and to all the carbon skeletal types
found in sebum.

Thus the skin has many biochemical
techniques which, when used in com-
bination, can vary enormously the
types of fatty chains produced. It can
use a variety of starter moieties, place
one or two extra methyl groups into
the chain with methylmalonyl-CoA,
place a double bond at either A6 or
A9, extend chains up to Cz, and be-
yond and, possibly, degrade them down
to Cy. This results in truly a vast num-
ber of possibilities.

The fatty alcohols are synthesied by
reduction of fatty acids (31). The fatty
alcohols of sebum show the same
skeletal types as occur in the fatty
acids, which suggests a common chain
building process. The double bond posi-
tions are mainly ten C-atoms from the
methyl end of the chains as they are
in the Cis:1a6 family of acids (32).
But alcohol chains average four C-
atoms longer than the acids. a-Hydroxy
fatty acids are made by hydroxylation
of fatty acids, and alkane diols by re-
duction of a-hydroxy acids.

All the above processes occur in
sebaceous glands and are the results
of primary biosynthetic activity of these
glands. Some secondary processes also
occur in sebaceous gland ducts and on
the skin surface. It was pointed out
earlier, for example, that the triacyl
glycerols are hydrolyzed to a variable

4 OCTOBER 1974

IO

Froman  From five malonyl-CoA From a
acetyl-CoA mo,ecu.el malonyl-CoA
starter From a Mmolectle
: methylmalonyl-CoA

molecule

Tig. 5. An example of the origin of the
carbon moieties of a monomethyl
branched fatty acid.

extent in the ducts and on the skin
surface by lipases. These lipases origi-
nate mainly, if not entirely, from skin
surface microflora (33), and the
amount of hydrolysis increases the
longer the lipids remain on the skin.
In the comedo, a lesion that can de-
velop into acne vulgaris, this hydrolysis
is almost complete (34). Indeed, many
workers feel that the free fatty acids
resulting from this hydrolysis play a
role in the pathogenesis of acne, but
the exact nature of this role, if it exists,
remains obscure.

Another secondary process is the
formation of sterol esters. Since sterol

Starters C—~C—CoA

C—C—C—CoA

C—(IZ—C—COA

Fatty acid synthetase system employing malonyl-CoA only

esters occur in the upper layers of sole
skin, they are most probably formed
late in the process of keratinization of
epidermis. The fatty acids occurring in
the sterol esters of comedos are both
of the epidermal type and of the sebum
type (34). Thus it appears that the
large fraction of free cholesterol made
by the epidermis undergoes a complex
form of esterification in which fatty
acids from both epidermis and sebum
are utilized. These processes are sum-
marized in Fig. 6.

Functions of the Unusual Lipids

An outstanding property of the un-
usual lipids of sebum is its extraordi-
nary complexity. Why are so many
compounds made? What functional sig-
nificance could this have? One possible
answer is that these substances serve
as olfactory messages—a means for
chemical communication in the bio-
logical world. Because of the huge

C=C-¢~C~CoA  C=C~C~C~CoA

Fatty acid synthetase
employing an occasional

Straight Straight Iso Iso Anteiso methylmalonyl-CoA
even odd even odd odd
C12 to C20 013 to C19_ Cio to C20 C]3 to C19 C13 to Clg l l
Sat. Unsat. Sat. Unsat. Sat. Unsat. Sat. Unsat, Sat. Unsat.
A6 A9 A6 A9 A6 A9 A6 A9 A6 A9 Mono- and dimethyl
l l l l 1 l 1 l 1 l l l l branched acids with
methyl groups on even

W

) numbered C-atoms

~
Chains extended from 0 to 10 Cp units

Chains desaturated (?) or
further extended (?)

Reduced
Fatty acids
Fatty alcohols
+ sterols Mevalonic
Wax monoesters acid
+ glycerol
a-Hydroxy Sterol
acids esters
+ fatty acids ) Triacyl Gerany!
and fatty /~ Reduced glycerols pyrophosphate
alcohols Q
\\7
1,2-Alkane
Type 1 diols Geraniol
diesters + lipases from bacteria Farnesyl
and fungi on the skin
+ tafty Curface pyrophosphate
acids
Free Glycerol Farnesol
Type 2 fatty squal
diesters acids quaiene
Diacyl Monoacyl
glycerols glycerols

Fig. 6. Formation of lipids in human sebaceous glands and on the skin surface.
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number of fatty acids that the skin
can make, especially among the mono-
and dimethyl branched acids and the
unsaturates, it is extremely unlikely
that any two individuals will make ex-
actly the same substances in exactly
the same proportions. Slight normal
variations in enzyme concentrations,
pH, body temperature, or cofactor
concentrations, for example, could
easily and markedly affect the final
concentration of each fatty chain and
thus provide an individual with a
“chemical signature.” This would be
the distinctive odor by which a dog
that had once sniffed a person would
recognize and remember that person
thereafter.

It is well known that in the animal
world chemical communication plays a
vital role, such as in recognition of
members of the same and other species,
in warning of the approach of a preda-
tor, and in sexual attraction. In man
the sense of smell, although of variable
sensitivity among different individuals,
is generally poor compared to that of
other animals. However, as was pointed
out elsewhere (35), farnesol, which
occurs on the human skin, is used as
a perfume and presumably is of some
value in human sexual attraction.

Besides complexity, skin lipids mani-
fest a kind of perversity. Why, for ex-
ample, does the sebaceous gland invest
so much energy in setting up a unique
enzymatic mechanism that enables it to
place a double bond on a saturated
fatty acid at the A6 position on a Cyq
chain instead of the usual A9 position
on a C;g chain? Does this have any
survival value? Do odd chain lengths,
or iso and anteiso chains, or chains
that are extremely long confront a
would-be pathogenic microorganism
with a metabolic problem? Do free
fatty acids determine the type of micro-
organisms which can survive on the
skin surface? Do the intermediates on
the pathway to cholesterol synthesis
prevent microorganisms from utilizing
the cholesterol which they must get
from the environment? I believe that
the answers to all these questions are
in the affirmative. Also, I do not be-
lieve that it is an accident that at all
natural orifices of the body, at all
points of possible entry, some form of
sebaceous gland exists. There is al-
ready evidence that some of the sub-
stances present in human surface lipids
prevent the growth of pathogens (36).
This is not to say that these lipids are
toxic to microorganisms in general, for
obviously the skin is loaded with micro-
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organisms, but the ones that survive are
the ones that are compatible with nor-
mal healthy skin, and the unique lipids
of the human skin surface help to
maintain this ecological balance.

Skin lipids undoubtedly have other
functions. Excretion of waxes assists
animals and birds in preventing their
fur or feathers from becoming wet.
If this were not so, life would be diffi-

" cult, if not impossible. Whether this

function is significant for man is a
subject that has been debated (37).
Finally, it is possible that free fatty
acids and mono- and diacyl glycerols
help retain moisture in the skin by
forming monomolecular films over
microdrops of sweat, thereby delaying
evaporation. Furthermore, mono- and
diacyl glycerols, as well as glycerol it-
self, released during hydrolysis of the
triacyl glycerols will retain moisture
because of their hygroscopicity.

Summary

Two key words characterize the
uniqueness of skin lipids: complexity
and perversity. Each suggests a func-
tion. Complexity manifests itself in the
large number and variety of both satu-
rated and unsaturated fatty chains syn-
thesized by human skin. Functionally,
this allows each individual to have a
distinct odor or chemical fingerprint.
Perversity manifests itself when one
compares the lipids synthesized by skin
with those synthesized by internal tis-
sues. For example, skin makes odd in-
stead of only even chains, branched
instead of only straight chains, free
instead of only esterified acids, places
double bonds in unusual positions in
the fatty chains, extends chains to ex-
treme lengths, and accumulates inter-
mediates in the synthesis of a bio-
logically valuable compound such as
cholesterol. Functionally, these prod-
ucts may pose metabolic problems to
potential pathogens and thus contribute
to the survival of only compatible
microorganisms.
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