THE JoURNAL OF INVESTIGATIVE DERMATOLOGY 62: 257-267, 1974,
Caopyright ® 1974 by The Williams & Wilkins Co.

Vol. 62, No. 3
Printed in U/.S.A.

COMPARATIVE CHEMISTRY OF SEBUM*
” ' TAPIO NIKKARI, M.D.#

Sebum is the excretory product of the sebaceous
glands. These glands are found in the skin of all
mammals except whales and porpoises (Montagna,
1963). The bulk of sebum is a mixture of relatively
nonpolar lipids, most of which are synthesized de

_novo by the gland. The lipid is excreted by a
holocrine mechanism, whereby the lipid-laden
cells disintegrate and pour their contents through
the sebaceous duct onto the skin surface. One
apparent function of sebum is to provide the skin
surface and hair with a hydrophobic coating. The
“preen gland of birds has a similar function, but it is
not a sebaceous gland. The preputial glands of
‘rodents are specialized sebaceous glands, used
primarily for the release of pheromones.

The chemistry of sebum is interesting, because
many compounds not found elsewhere in the body
have been identified in sebum. As first was clearly
shown by Wheatley (1956), the composition of
sebum is remarkably species specific. The applica-

“tion of modern chromatographic methods to stud-
ies of sebum has greatly expanded our knowledge
of its chemistry during the last two decades. There
have been some comparative studies (Wheatley
and James, 1957; Nicolaides et al., 1968, 1970;
Nikkari, 1969), but in most studies each investiga-
tor has worked on one species only. The present
review summarizes the results of different authors
in a form that allows easier comparison among
various species.

METHODS
Collection of Sebum

It is practically impossible to obtain pure uncon-
taminated sebum. Even in studies of the lipid extract of
Jisolated sebaceous glands (Kellum, 1966, 1967), there
exists the possibility of dermal contamination; a large
proportion of immature cells is also included in the
specimen and it remains to be established whether there
are any differences in lipid composition between these
cells and mature sebum. It is easier to isolate the
uncontaminated excretory product of preputial glands
but, as will be discussed later, its composition differs
strikingly from that of the true sehaceous glands.

In all studies reviewed in this paper, the sebum
samples were obtained by extracting the skin surface or
hair with organic solvents. The methods used for collect-
ing the skin surface lipids and the problems associated
with them have been discussed in detail (Nicolaides,
1963; Wheatley, 1963; Nicolaides and Kellum, 1965;
Nikkari, 1965). It is generally agreed that at normal levels
of sebum excretion the major constituents of the skin
surface lipids are of sebaceous origin. The contribution of
the desquamating epidermal cells to the skin surface
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lipids is guantitatively small but hecomes important in
studies of the minor constituents, e.g., the human skin
surface sterols. These problems will be emphasized when
appropriate in this review.

The Analysis of Sebum

The methods for analyzing sebum have been reviewed
v Haahti (1961), Nicolaides (1963), Wheatley (1963),

and Nikkari (1965), Slightly different methods have been
applied by each author cited in the present review.
Basically, two different approaches have been used:

Analvsis of hydrolvsis products. This involves saponifi-
cation of the sebum sample by heating it in an aqueous
alcoholic solution of potassium or sodium hydroxide so
that the ester bonds in waxes, sterol esters, and glvcerides
are broken. The ether bonds in alkyl and alk-1-enyl
glycerides are not affected by this treatment. and any
squalene or other hydrocarbons present in the original
sample will remain unchanged. The neutral saponifica-
tion products (“nonsaponifiables’) are subsequently ex-
tracted with an organic solvent of low polarity (usually
n-hexane). The fatty acids (“saponifiables™) are ex-
tracted similarly after acidification of the alcoholic
phase. In some studies the saponifiable and nonsaponifi-
able fractions have been extracted together from the
acidified alcoholic phase and have been separated subse-
quently by chromatographic procedures (Nikkari, 1965,
1969; Nicolaides and Ansari, 1968). Glycerol remains
behind and is usually determined colorimetrically.

The nonsaponifiable material has been fractionated
either by aluminum oxide column chromatography fol-
lowed by colorimetric quantification of squalene and
sterols (Wheatley, 1954; Wheatley and James, 1957;
Nicolaides and Wells, 1957; Downing et al., 1960) and
determination of 7-dehydrocholesterol by ultraviolet ab-
sorption (Wheatley and James, 1957; Boughton and
Wheatley, 1959), or by thin-layer chromatography (TLC)
on silica gel G followed by analysis of all fractions with
gas-liquid chromatography (GLC) (Nikkari and Haahti,
1964; Nikkari, 1965, 1969); the sterols have been further
fractionated by TLC on silica gel impregnated with silver
nitrate and finally identified by means of GLC-mass spec-
trometry (Miettinen and Luukkainen, 1968).

The saponifiable material has been fractionated into
unsubstituted and hydroxy fatty acids by thin-layer
(Nikkari and Haahti, 1964; Nikkari, 1965) or column
(Downing et al., 1960; Downing, 1963) chromatography.
The fatty acids have usually been analvzed as their
methyl esters by GLC. The unsaturated fatty acids have
been identified by performing GLC before and after hy-
drogenation (Nikkari, 1965, 1969; Kirkk#dinen et al.,
1965; Wilkinson and Karasek, 1966); in the latter studies
the peaks that did not correspond to straight-chain com-
ponents were considered to be branched-chain acids.
More accurate figures for unsaturated and branched-
chain fatty acids have been obtained by fractionating the
fatty acids before GLC on the basis of unsaturation on
silicic acid impregnated with silver nitrate (see, e.g.,
Nikkari, 1965; Nicolaides and Ansari, 1968; Ansari et al.,
1970; Nicolaides et al., 1972). Individual unsaturated
fatty acids have been further isolated by preparative
GLC, and their double-bond positions have been deter-
mined by GLC of the aldehyde fragments obtained by re-
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ductive ozonolysis (Nicolaides et al., 1964, 1972; Nico-
laides and Ray, 1965; Nicolaides and Ansari, 1968; Ansari
et al., 1970; Wilkinson, 1970).

Analysis of lipid class composition. This involves the
study of unhydrolyzed sebum. After removal of the free
fatty acids from an n-hexane solution of the lipid by ex-
traction with dilute alkaline ethanol-water, the lipid
classes have been separated from each other by silicic
acid column chromatography (Nicolaides and Foster,
1956; Haahti, 1961; Nikkari, 1965; Kirkkdinen et al.,
1965; Nicolaides, 1965; Nicolaides et al., 1970, 1972)
or preparative thin-layer chromatography on silica gel G
(Nikkari, 1965; Wilkinson and Karasek, 1966) followed
by purification and quantification of the fractions. Mono-
ester waxes and sterol esters have further been separated
by urea fractionation (Nicolaides and Foster, 1956),
preparative thin-layer chromatography on aluminum
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Fi6. 1: The structures of the major aliphatic constitu-
ents of sebaceous materials.
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oxide (Nikkari, 1965; Kdrkkédinen et al., 1965; Wilkinson
and Karasek, 1966), or magnesium oxide column chroma-
tography (Nicolaides et al., 1972). Downing et al. (1969)
and Snyder and Blank (1969) separated the lipid classes -
by TLC, charred the spots with sulphuric acid, and
quantified the fractions by photodensitometry.

THE SKIN SURFACE AND HAIR LIPIDS OF MAMMALS

The structures of the major aliphatic compo-
nents found in sebaceous materials are shown in
Figure 1. Table I, largely based on the classical
wata by Wheatley (1956), gives the available infor-
mation of the composition of the hydrolysis prod-
ucts and Table 1I is a summary of the results ob-
tained by different authors on the lipid class com- -
position of skin surface lipids. Since there has
been no conclusive evidence that the paraffinic
hydrocarbons found in skin surface lipids are of
endogenous origin, they will not be discussed.

Free Fatty Acids and Glvcerides

Adult human sebum contains twice as much
saponifiable as nonsaponifiable material, whereas
in other species these fractions are about equal
(Table I). This is in accordance with the finding of
Wheatley (1956) that whereas more than half of
human sebum is composed of triglycerides and
free fatty acids, the seba of rodents, rabbit, and
sheep contain less than 10 percent free fatty acids
and practically no triglycerides. These findings
have been confirmed by other authors (Table II),
and no demonstrable amounts of free fatty acids or
triglycerides were found in the hair lipids of
chimpanzee, baboon, hamster, guinea pig, dog,
cat, goat, or cow by qualitative TLC (Nicolaides et
al., 1968).

TABLE 1
Average percentage composition of the hydrolysis products of mammalian seba
Human Guinea 2 =
Rat Mouse : Rahhit Sheep Ox
Adult| Newborn® Plg
Reference: a b c d e e e e f g f
Total nonsaponifiable 30 38 49 50 41 55 45 46 46 52 43
Squalene 12 2.6 0.4 0 0 0 0 0
Sterols 2.6 20 25 10 13 21 3.9 26 39 14
Monohydric alcohols 12 5 17 18 5.9 5.0 31 9.0 49
Alkane-1,2-diols pr” 6 2.9 28 11 %2 2.5 3.4
Total fatty acids 68 44 40 50 59 44 55 53 55 48 53
a-hydroxy acids 4 6 on 0" pr’ 14
w-hydroxy acids 9

pr = present.
* Vernix caseosa.

. Wheatley, 1954
. Downing, 1963

. Wheatley and James, 1957: as in d.

Wheatley, 1956

. Downing et al., 1960: hexane extract of wool
. Nikkari, 1969: acetone extract of cut hair

TR0 R

. Nicolaides and Wells, 1957: ethyl ether washings of the scalp

. Nikkari and Haahti, 1964; Nikkari, 1965: pooled acetone extracts of fur
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TABLE 1I
Average percentage composition of unhvdrolvzed lipids of sebaceous origin
Skin surface Preputial gland
Human
Rat Mouse | Sheep Rat Mouse
Adult Newborn™
Reference: ] a b ¢ d e f g h i g i
Squalene 2.3 11 12 9 0.5 0.5 tr 1.5
Free sterols 1.4 4.2 1.4 9 6 5 13 12t 2 3
Sterol monoesters 2.5 } 24 2.1 33 25 27 } 40 10 }251 } 14 5
Monoester waxes 20 25 12 16 ™~ 17 5 48
Diester waxes, type I 10 25 } 65 9 0
Diester waxes, type Il 7 3 11 ! Tt 0
Glyceryl ether diesters g+ 10 14
Triglycerides 23 31 41 26 } 7 6 6t 60 17
Free fatty acids 27 14 16 0.5 1 2 2 tr
Other 9 12 2 5 9 13
"Unidentified |1 4 | 1 17 | & 11

* Vernix caseosa

+ Identification has been made on the basis of chromatographic mobility only

tr = traces

a. Nicolaides and Foster, 1956: ethyl ether soaks of scalps (2 pools)
. Haahti, 1961: acetone washings of backs of 4 subjects
Downing et al., 1969; ethyl ether washings of foreheads of 17 subjects

. Kirkkiiinen et al., 1965: three subjects
. Nicolaides et al., 1970; 1972: one subject

. Nicolaides, 1965: pooled acetone extract of the fur

. Wilkinson and Karasek, 1966: pooled acetone extract of the fur

b
c.
d
e,
f. Nikkari, 1965: three pooled acetone extracts of the fur
g
h
i

Nikkari, unpublished data obhtained by preparative TLC from an acetone extract of wool
J. Snyder and Blank, 1969: a duplicate analysis of a pooled sample

The free fatty acids are not present in sebaceous
glands but are formed from the triglycerides
through the action of lipases when the sebum
reaches the skin surface (Nicolaides and Wells,
1957; Nicolaides, 1963; Kellum, 1967). Skin bacte-
ria contain lipolytic enzymes (see, e.g., Freinkel
and Shen, 1969; Marples et al., 1971). No other
esters, either in human or animal sebum, are
known to be hydrolyzed to the same extent as
triglycerides (Nicolaides, 1963; Downing, 1970).
One-fourth of vernix caseosa lipid is triglyceride,
but free fatty acids are virtually absent, as in the
preputial gland lipid of rat and mouse. The abh-
sence of triglyeeride lipase from the sterile environ-
ments where these lipids originate favors a bacte-
rial origin of this enzyme.

Monohvdric Alcohols and Monoester Waxes

Aliphatic monohydric alcohols are present in all
seba studied. They are constituents of both mono-
ester waxes and type I diester waxes, and their
concentration is roughly proportional to the con-
tent of these two waxes (Tables I and II).

The early work carried out on the elucidation of
the composition and structure of monohydric alco-
hols in sheep and human sebum has been reviewed
by Nicolaides and Ray (1965) and Nicolaides
(1967). Four main types of chains have been found

in both saturated and monounsaturated alcohols
of human sebum (Nicolaides, 1967): (a) straight
chains with an even number of carbon atoms, (b)
straight chains with an odd number of carbon
atoms, and monomethyl branched (¢) iso and (d)
anteiso chains. In addition, there are small
amounts of other branched-chain alcohols. On the
basis of gas chromatographic retention data, the
same homologous series of monohydric alcohols
occur in seba of all species studied so far. The
chain lengths of these alcohols are generally rela-
tively long, and increase in the following order:
adult human sebum (C,,-C,,, maximum at C,,;
Haahti and Horning, 1963; Nicolaides, 1967); ver-
nix caseosa (C,~C, maxima at C,, and C,,;
Kirkkiinen et al., 1965); rat sebum (C;,~Cja,,
maximum at C,,; Nikkari and Haahti, 1964); and
sheep sebum (C,3-Cys, maximum at Cae—2q; Down-
ing et al., 1960).

Monoester waxes occur in all seba, and when
squalene is absent, they are the most nonpolar
components. Their content is quite low in the seba
of the mouse, the rabbit, and the cat, where di-
ester waxes are especially prominent (Table III),
and in goat and cow sebum (Nicolaides et al.,
1968) where unidentified components, possibly
diester waxes, form the bulk of the lipid. The
monoester waxes of rat sebum were calculated to
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possess an average molecular weight of 592 (Nik-
kari, 1965), which corresponds to an average chain
length of 40 carbon atoms. The waxes of human
sebum are somewhat shorter: they have an aver-
age molecular weight of 562 (Nicolaides and Fos-
ter, 1956) and a chain-length distribution from C,,
to C,, with a maximum content at Cj,.,4, as deter-
mined from direct GLC of the waxes (Haahti,
1961). s

Hydroxy Fatty Acids and Type I Diester Waxes

-

The sheep wool lanolin has long been known to
contain appreciable amounts of hydroxy fatty
acids. Downing et al. (1960) found that 30 percent
of all fatty acids in lanolin were a-hyvdroxy fattv
acids (Table II). The structures of the esters from
which hydroxyacids are liberated upon hydrolysis
were unknown for a long time, although as early as
1952 Tiedt and Truter were able to crystallize a
lanolin fraction that, upon saponification, gave rise
to hydroxy acids. unsubstituted fatty acids, and
monohydric alechols. On the basis of the finding
that the molecular weight of wool wax esters was
too high (about 800) to be accounted for hy simple
combination of the fatty acids and alcohols, Tiedt
and Truter speculated that the fraction they had
isolated could be a diester of the hydroxy fatty
acid. Detection of «-hydroxy fatty acids in rat
sebum (Nikkari and Haahti, 1964) and the ohser-
vation that they were constituents of a polar wax
fraction (Nicolaides, 1965; Nikkari, 1965) led ta the
final identification (Nikkari and Haahti, 1968) of
what were called “type I diester waxes" (Nikkari,
1965). i.e., diesters of an a-hydroxy fatty acid with
one molecule of unsubstituted fatty acid and one
molecule of aliphatic monohydric alcohol (Fig. 1).
Since small amounts of sterols were found in the
chromatographically purified fraction, it was as-
sumed (Nikkari, 1965) that part of the type [
diester waxes contains a sterol in place of the
aliphatic alcohol; however, the existence of these
“tvpe HI diester waxes™ has never been substanti-
ated.

The presence of type [ diester waxes in sheep
sebum has been confirmed (Nikkari. unpublished
results) and it has also been demonstrated that
they form about two-thirds of rabbit and cat
sebum and about one-third of the sebum of the cow
{Nikkari, 1969; Nicolaides et al., 1970). There is a
small amount of material with the chromato-
graphic mobility of type I diester waxes in dog and
goat sebum as well (Nicolaides et al., 1968).
Although a-hydroxy fatty acids have been reported
to occur in vernix caseosa (Downing, 1963; Kirk-
kdinen et al., 1965), type [ diester waxes have been
found neither in vernix caseosa nor in adult human
sebum.

The average molecular weights of all type 1
diesters are quite similar with each other and with
the molecular weights of type Il diester waxes and
triglycerides of sebaceous origin (Table IL). Al-
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TABLE 11T

Concentration and properties of diester waxes and
triglvcerides in mammalian sebo®

liﬁmA I7 Pprc(-ni_age mt’l!l!‘ distribu-
tent 1:1\";:;!:;%;3 tion of chains®
selt;;:m we]i:;"_t i | Saturated Unsat-
# Straight | Branched urated
R —
Type l waxes
Rat 10" 869 41 30 29
Rabbit 66 835 90 i o)
Cat 66° B37 73 19 8
Sheep 8¢
Cow 35° 100°
Type Il waxes .
Vernix 8 852 21 52 27
Baboon 21¢
Rat 110 854 46 39 15
Mouse 61¢ B69 H4 13 33
Guinea pig 18¢ 892 47 19 34
Dag 46° 856 33 64 3
Sheep 74
Triglveerides
Adult man Bie B46°
Vernix’ 26 828 47 25 28

* Calculated from average chain weights determined
by GLC

a. Nikkari, 1969; b. Nikkari, 1965: ¢. Nicolaides et al.,
1970; d. Nikkari, unpublished results; ¢. Nicolaides and
Foster, 1956; f. Calculated on the basis of the data of
Karkkidinen et al,, 1965,

though the rat wax has a slightly higher average
molecular weight than that of the rabbit and the
cat, they all may possess similar physical proper-
ties because the rat wax has a large proportion of
branched and unsaturated chains, whereas the
hydrocarbon chains in rahbit and cat wax are
mostly saturated straight chains. The chains of the
tvpe | diester wax of cow sebum are almost totally
straight and saturated (Nicolaides et al., 1970).

In hypophysectomized rats, the sebaceous gland
activity is at a minimum and therefore is not
lowered by the administration of estrogen (Nikkari
and Valavaara, 1969). The skin surface and hair of
these rats still contain acetone-extractable lipids,
the main components of which have TLC-mobili-
ties of type I diester waxes and sterol esters
{Nikkari and Valavaara, 1970). Thus, at least a
part of the type I diester waxes may be of epider-
mal origin.

Alkane-1,2-diols and Tvpe II Diester Waxes

Alkane-1,2-diols have been known to occur in
wool wax (see Downing et al., 1960), and Wheatley
demonstrated their presence in the seba of the
rodents and the rabbit as well (Table I). They
contain the same types of saturated and monoun-
saturated chaing as the monohydric alcohols but
there are large species differences in the distribu-
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tion of these chains (Nikkari, 1969). In the sebum
of the rat the 1,2-diols were found to be constitu-
ents of what were called “type II diester waxes”

~(Nikkari, 1965; Nikkari and Haahti. 1968). i.e..
diesters of alkane-1,2-diols with unsubstituted
fatty acids (Fig. 1). Type II diester waxes have
since been discovered in all seba shown to contain
diols and also in the sebum of the baboon and the
dog (Nikkari, 1969; Nicolaides et al., 1970). Their
concentration (Table III) shows a rough correla-

tion with that given for the diols in Tahle L
Wheatley (1956) reported the occurrence of 2
percent alkane-1,2-diols on human skin surface,
but they have not been found by other authors. No
diester waxes have been detected in adult human
sebum, although a small amount of type II diester
waxes can be isolated from vernix caseosa (Tables
IT and III).

" The “diol lipids” (for a review, see Bergelson,
1969) that occur in small concentrations in several
animal tissues are basically similar structures to
the type II diester waxes, but their component
diols have much shorter chains (C,-C,) than those
of the diester waxes. The maximum concentration
of the latter is at C,4 in rat sebum (average chain

“ weight 262) and between C,4 and C,, in the mouse,
the guinea pig, the dog, the sheep, and vernix
caseosa (average chain weights of 309, 324, 320,
328, and 340, respectively) (Nikkari, 1969; Down-
ing et al., 1960). Although the chain lengths of the
diols from rat and vernix caseosa differ by as much
as 78 daltons, the average molecular weights of the
parent diester waxes (Table III) are essentially
equivalent (852 and 854, respectively) because of
reciprocal differences in the length of the fatty acid
chains.

Similarities and Differences Between Triglveerides
and Diester Waxes

The average molecular weights of the type Il
diester waxes are similar to those of type I diester
waxes and also to the average molecular weights of
triglycerides of human sebum (Table II). By
direct GLC of waxes it was found that the max-
imum concentration of type II diester waxes from
rats (Nikkari and Haahti, 1968) and mice (Nicol-
aides et al., 1970) were at Cua.5 and Cgp.g0. respec-
tively, and the maximum concentrations of the
type I diester waxes from rats (Nikkari and Haahti,
1968), rabbits, cats, and cows (Nicolaides et al.,
1970) were all at C;,;. The average molecular
weights of the triglycerides of adult human sebum
and vernix caseosa correspond to an average car-
bon content of C.,..s and Cs,.4s, respectively.

Because of their quite similar molecular sizes
and chemical structures, the diester waxes and
triglycerides could be expected to have similar
physical properties. Why do most of the furred
animals then have a sebum that contains diester
waxes, and why does human sebum contain high
concentrations of triglycerides? Teleologically it
can be concluded that triglycerides must be benefi-
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cial for the bare skin surface and diester waxes for
the hair. Free fatty acids liberated from the triglyc-
erides (but not from the waxes) have been ascribed
antifungal and antibacterial properties, and the
monoglycerides may function as emulsifying
agents on the skin (Nicolaides et al., 1970). Since
diester waxes are slightly less polar than triglyeer-
ides, they may afford better protection against
wetting of the fur, especially since they are not
broken down in the same way as the triglvcerides.
However. the chimpanzee does perfectly well with
= sebum that apparently contains neither triglycer-
ides nor diester waxes and has monoester waxes or
sterol monoesters as its major component (Nicol-
aides et al.. 1968). More work on the chemical
composition and physical properties of seha from
different species is needed before any definite
conclusions can be drawn about the significance
and “function™ of various sebum constituents.

The absence of free fatty acids and alcohols from
the hair lipids of furred animals may be due to (a)
the absence from the animal skin surface and hair
of the same kind of lipases that are present on the
human skin surface, (b) conditions on the animal
skin surface that are unfavorable to the action of
the lipases, or (¢) resistance of the diester waxes to
the action of these enzymes. Freinkel and Shen
(1969) determined the pH optima of lipases pro-
duced by bacteria present on human skin. Other-
wise, the skin surface lipases have not been charac-
terized enzymologically. Pancreatic lipase hydro-
lyzes diesters of hexane-1,6-diol with two mole-
cules of oleic acid (Mattson and Volpenheim,
1972), which bear sme resemblance to the type II
diester waxes. On the other hand, pancreatic lipase
also splits esters of long-chain alecohols with fatty
acids (Mattson and Volpenheim, 1969), i.e., mono-
ester waxes, which the skin surface lipase does not
do (Nicolaides, 1963; Downing, 1970).

The Fatty Acid Chains of Sebum

The same four homologous series of both satu-
rated and monounsaturated chains that are pres-
ent in the aliphatic alcohols of human sebum are
also found in the fatty acids of seba of all animals
studied so far; there are usually also small amounts
of dienoic fatty acids. Nicolaides et al. (1972) have
preserited mass spectrometric evidence that in
addition to the iso and anteiso branched chains, a
small proportion of the fatty acids in both adult
human sebum and in vernix caseosa has other
monomethyl branched and dimethyl branched
chains as well (see Table IV); the methyl group in
the other monomethyl branched acids was pre-
dominantly at position 4. According to Wheatley
and James (1957), the seba of rat, guinea pig, and
rabbit contain “highly branched” fatty acids;
however, their data were based on gas chromato-
graphic mobilities only and have not been con-
firmed.

In Table IV, the fatty acid composition of the
monoester waxes and sterol esters of adult human
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sebum, vernix caseosa, and rat and mouse sebum
are compared. There are two distinetly different
patterns of hydrocarbon chain distribution within
these fatty acids: (1) The fatty acids of monoester
waxes from all the species studied and ol sterol
esters from adult human and mouse sebum resem-
ble each other in showing a high content of
monounsaturated chains and relatively low con-
centrations of branched chains. (2) The fatty acid
spectra of the sterol esters from vernix caseosa and
rat sebum are strikinglyv similar and differ from the

others by having relatively high contents of™

branched saturated chains with lower percentage
monounsaturated chains than the others; they
also differ from the monoester wax fatty acids from
the same sources by having longer chains.
Nicolaides’ group has done pioneer work in
elucidating the double-bond positions in the mono-
ene fatty acids and alcohols of sebum (for refer-
ences, see Table V). They have found that the
double-bond position in human sebum monoenes
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follows preferentially the “A6 pattern,” i.e., the
double bond is located either at A6 or at a position
that results when a C,,,,:A6 chain is either
extended or degraded at the carboxv! group by an
integral number of C, units; the main apparent
precursor is C,4: A6, (In other tissues, A9 pattern is
found with C,;:A9 as the main precursor.) In the
sebaceous glands of the rat and the mouse, the A9
pattern is predominant; the chief apparent precur-
sor is C,5: A9 in the rat and C,,: A9 in the mouse.
In the vernix caseosa. the total monoenoic acids
and the monoenoic acids of the monoester waxes
show mostly the “human' A6 pattern, whereas
more than two-thirds of the sterol ester monoenes
and most of the diester wax monoenoic acids have
the “rodent’™ A9 pattern. So far, the information is
too sparse to determine whether the double-bond
pattern is entirely species specific or whether the
A6 pattern is typical of certain lipid classes (tri-
glycerides and hence free fatty acids, monoester
waxes, and certain sterol esters) and the A9 pat-

TABLE IV
Fatty acid compaosition of waxes and sterol esters of sebum

Monoester waxes Sterol monoesters
Human Human
Rat Mouse Rat Mouse
Adult Vernix Adult Vernix
Reference: a a b ¢ a a h c
Saturated
Straight chain 19.2 10.3 6.0 27.0 26.9 7.7 12.1 25.1
Branched chain
Iso and anteiso 5.3 12.7 29.4 21.1 8.5 51.7 52,5 12.3
Other 2.4 2.0 2.3 tr
Monounsaturated 64.4 66.5 63.9 46.6 54.0 294 29.5 55.3
Straight chain 45.4 54.9 4.6 24,9
Iso and anteiso 19.0 11.6 94 4.5
Diunsaturated 4.0 6.0 0.2 8.3 3.7 5.9 2.0
C,, and longer chains 1.8 0.7 2.1 13.5 5:3 329 18.4 49.5

a. Nicolaides et al., 1972; b. Nikkari, 1965; ¢. Wilkinson and Karasek, 1966.

TABLE V
Double-bond positions in the monounsaturated fatty acids and aleohols of seba from different species
Human
Rat Mouse
Adult Vernix caseosa
Fattv acids (FA)
Total FA Mostly A6¢ Mostly A9° Mostly A9°

98 mole® A6
1 mole% A9
89 mole% A6

Monoester wax FA?

Sterol ester FA®

11 mole% A9 T0mole% A9
Type I diester FA® Mostly A9
Free FA' Mastly A6
Monohydric alcohols® Muostly A6

87 mole™ A6
12 mole% A9
30 mole% A6

a. Nicolaides and Ray, 1965; b. Nicolaides and Ansari, 1968; c. Wilkinson, 1970; d. Nicolaides et al., 1972; e. Ansari

et al., 1970; f. Nicolaides et al., 1964; g. Nicolaides, 1967.
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TABLE VI
Percentage composition of fatty acids of type Il diester waxes
Human vernix caseosa Rat Mouse G\;ir;ea Dog

Reference: a b c b b d e b b e
Saturated

Straight 32.4 28.4 379 34.8 38.3 50.9 45.5 87.9 35.6 32.0

Branched 33.7 37.0 28.1 46.1 13.7 7.2 135 17.8 60.2 68.0
Unsaturated 319 34.8 34.0 19.1 48.0 38.2 40.9 24.3 4.2 —
C,, and shorter 11.6 7.9 6.3 3.0 1.1 0.7 1.0 0.5 3.0 5.4
C,, and longer 8.4 14.1 3T 43.8'w| 24.6 14.4 28.9 30.7 10.1 2.6

a. Kirkkdinen et al., 1965; b. Nikkari, 1969; ¢. Ansari et al., 1970; d. Wilkinson and Karasek, 1966; e. Nicolaides,

1970.

tern to others (diester waxes and certain sterol
esters). If the latter is true, then, e.g., the mouse

" would be exhibiting the A9 pattern mainly because
of the high content of diester waxes in its sebum
(Table III).

To account for the different fatty acid spectra of
waxes and sterol esters in vernix caseosa (Tables
IV and V), Nicolaides et al. (1972) speculated that
the fatty acids of the waxes originate from the

- sebaceous glands, whereas a part of the sterol ester
fatty acids are derived from the epidermis. Accord-
ing to Tables IV and V, it is also possible that there
are two types of sterol esters: one is formed by the
sebaceous glands, has the fatty acid spectrum
shown in Table IV for the rat and vernix sterol
esters, and possesses the A9 double-bond pattern;
the other either is excreted by the sebaceous glands
or, as suggested by Nicolaides et al. (1972), is
formed on the skin surface by (trans) esterification
of the free cholesterol, originating from the epider-
mis, with fatty acids of sebaceous origin present on
the skin surface. In adult human sebum. which
contains less sterol esters than vernix caseosa and
rat sebum, the sterol esters formed by the latter
mechanism would predominate, whereas the sterol
esters of vernix caseosa and rat sebum would
represent the former mechanism.

The fatty acid composition of Type II diester
waxes shows a far greater species specificity than
that of monoester waxes and sterol esters (Table
VI); this specificity is not obscured by interlabora-
tory variations. One would expect to find some
similarities in composition within related species,
e.g., the rodents. However, the fatty acids from the
rodents do not show any peculiarities that would
distinguish them as a group from other mammals,
but they can be easily differentiated from each
other.

Sterols and Sterol Esters

An excellent review of cholesterol metabolism in
the skin was written by Kandutsch (1964). Two
pathways of cholesterol biosynthesis from lano-
sterol skin in rat and preputial gland were demon-
strated by Wilson (1963). In whole rat skin, 87 per-
cent of all the isolated intermediates belong to
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Fic. 2: The “Kandutsch-Russel” or “saturated side
chain” pathway of cholesterol biosynthesis and a gas-lig-
uid chromatogram of human skin surface sterols showing
the presence of some members of this pathway. The
position of reference desmosterol is also shown. The
sample: trimethyl silyl ethers of digitonin-precipitable
sterols of sebum obtained from foreheads of 6 subjects by
acetone swabs. Column: 1% DC 560; 6 ft.; 230° C.

the “Kandutsch-Russel” or “saturated side chain™
pathway (Clayton et al., 1963) with lathosterol
alone contributing 37 percent, whereas desmos-
terol, the last intermediate in the “‘unsaturated
side chain™ or “Bloch™ pathway, amounts to only 7
percent. The major intermediates found in human
sebum (Fig. 2), human vernix caseosa, and the
sebum of the rodents (Table VII) also belong to the
Kandutsch-Russel pathway.

Human sebum has a relatively high concentra-
tion of squalene, which is virtually absent from
seba of other mammals studied (Tables 1 and II).
On the other hand, adult human sebum has very
little cholesterol, either free or esterified, compared
with the hair lipids of rodents and sheep (Tables [
and II). The main site of squalene synthesis in
human skin is the sebaceous gland whereas sterol
synthesis occurs mainly in the keratinizing epider-
mis (Nicolaides and Rothman, 1955). Therefore,
the high concentration of squalene in human
sebum apparently results from an inability of the
human sebaceous gland to convert it to sterols.
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TABLE VII
Average percentage composition of total sterols in mammalian seba
Human Guinea , a
Rat Mouse i Rabhit Sheep
Adult Newhorn* Pig
Reference: a b c d e e e e b f
Ha-cholestan-38-ol(cholestanol) 2 1.7 10
5-cholesten-33-ol(cholesterol) 93 91 79 27 56 36 88 a1 38 41
5,24-cholestadien-38-ol(desmo- 0.08
sterol)
7-cholesten-38-ol(lathosterol) 3.0 17 39 | 43 64 9 3
C44.25 Sterols 1.6 } 21 23
C,, sterols 2.1 0.4 k 10 48 | 59
5, T-cholestadien-38-ol (7-dehydro- 0.08 0.1 <0.01 | 0.06 — —
cholesterol) d | | J

* Vernix caseosa

a. Nikkari, unpublished work (see Fig. 2); b. Wheatley, 1956: Boughton and Wheatley, 1959; ¢. Miettinen and
Luukkainen, 1968; d. Nikkari and Haahti, 1964; Nikkari, 1965; e. Wheatley and James, 1957; f. Downing et al., 1960.

Whether any sterols at all are synthesized by the
human sebaceous gland is still unclear, According
to Kellum (1967), there is only 0.7-1.0 percent
cholesterol in the lipids of isolated sebaceous
glands, but since these glands contain a high
proportion of immature cells in which the synthetic
pathway may not have gone to completion, these
figures do not necessarily reflect the cholesterol
content of final sebum. On the other hand, the
figures given by Kellum may represent cholesterol
coming from the dermis during the isolation of the
sebaceous glands.

Human sebum from skin areas poor in sebaceous
glands has a low squalene and a high free-choles-
terol content, and sebum from skin areas rich in
sebaceous glands has a high content of squalene
and a very low content of total cholesterol, most of
which is esterified (e.g., Greene et al., 1970).
Accordingly, it has been assumed that the free
cholesterol originates mainly from the epidermis
and the esterified cholesterol, together with squa-
lene, from the sebaceous glands (Nicolaides, 1963).
This could be used to differentiate sterols of
epidermal and sebaceous origin. However, the
epidermis of several species is able to esterify
cholesterol (Freinkel and Aso, 1969); moreover, a
clear sterol ester fraction was observed in the skin
surface lipids obtained from a rat in which seba-
ceous gland activity had been suppressed by hypo-
physectomy and estrogen treatment (Nikkari and
Valavaara, 1970). It is therefore difficult to know
what proportion of the skin surface and hair sterols
arises from the sebaceous glands and from the
desquamating epidermal cells. It was suggested by
Wilson (1963) that the sebaceous glands preferen-
tially use the Kandutsch-Russel pathway, the
intermediates of which were known to be mainly
esterified, and that the epidermis uses predomi-
nantly the Bloch pathway, the intermediates of
which are generally free. However, on human skin
surface, both the free and esterified sterols have

the same percentage of lathosterol, the Kan-
dutsch-Russel intermediate (Nikkari, unpublished
observations). This means either that both free
and esterified sterols are synthesized by the seba-
ceous glands or that the epidermis also uses the
Kandutsch-Russel pathway; it does not exclude
the existence in the epidermis of the Bloch path-
way which could run easily to completion without
any rate-limiting step between desmosterol and
cholesterol. In any case, it appears that neither the
degree of esterification nor identification with
either one of the biosynthetic pathways can be
used to assess the origin of the skin surface sterols.
The human vernix caseosa as well as rodent and
sheep seba have appreciably higher contents of
sterols than human skin surface lipids (Table I). In
vernix and in rat sebum most of the sterols are
esterified (Table IT) and their fatty acids contain a
high proportion of branched chains (Table IV),
which are considered to be chiefly of sebaceous
origin. The vernix and adult sebum resemble each
other by their high squalene content; apparently
the virtually complete block between squalene and
sterols in adult human sebaceous glands is only
partial in the fetal glands, or the vernix caseosa
sterols have a nonsebaceous origin. In fetal skin
there seems to be an additional rate-limiting step
(Table VII), i.e., impaired conversion of latho-
sterol to cholesterol, which is also present in the
skin of the rat and the mouse. The high content of
lanosterol and dihydrolanosterol in sheep sebum
indicates yet another site of impaired cholesterol
biosynthesis. Only the skin of rabbit and guinea
pig seems to be able to carry out complete choles-
terol biosynthesis without accumulating large
amounts of some precursors. However, the total
sterol content in rabbit sebum is very low, and the
high concentration of type I diester waxes (Table
IIT), at least some of which obviously originate
from the epidermis, suggests that most of its
sebum cholesterol comes from the epidermis, as in
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man. Kandutsch (1964) speculated about the pos-
sibility of biochemical mechanisms responsible for
these metaholic blocks along the biosynthetic route
of cholesterol, but experimental evidence is lack-
ing.

LIPIDS OF PREPUTIAL GLANDS OF RODENTS

Although morphologically preputial glands are
true sebaceous glands, their lipid composition is
entirely different from that of the sebaceous glands
of the same species. Table II shows the lipid class
composition of the preputial glands of the rat and
the mouse. It is obvious that they differ apprecia-
bly from each other. Unlike sebum, rat and mouse
preputial glands have a high triglvceride content.
Nicolaides (1965) stated that the adherence of
subcutaneous fat to excised rat preputial gland
may account, in part at least, for the large amount
of triglycerides found; from the thin-layer chro-
matograms of Sansone and Hamilton (1969) it
appears that the glands of both species have about
the same triglyceride concentration. The fatty
acids of mouse preputial gland triglycerides differ
from those of human sebum and vernix caseosa by
having virtually no branched chains (Sansone and
Hamilton, 1969; Snyder and Blank, 1969).

In addition to triglycerides, the mouse preputial
gland contains glyceryl ether diesters. i.e., an
approximately equal proportion of alk-1-enyl and
alkyl diglycerides (Fig. 1), which are absent from
the corresponding gland of the rat (Nicolaides,
1965; Sansone and Hamilton, 1969) and have not
been shown to be present in skin surface lipids of
any species.

The preputial gland lipid of the mouse has a high
content of monoester waxes whereas the monoester
wax-sterol ester fraction of the rat gland consists
mainly of sterol esters (Nicolaides, 1965; Sansone
and Hamilton, 1969). The alcohols of the mouse
waxes differ from those of mouse sebum by possess-
ing virtually no branched chains and by being of
relatively short-chain length (from C,, to C,; with
maximum content at C,;). The diester waxes
typical of the skin surface lipids of the rodents are
completely absent from the preputial glands. In-
stead, the preputial gland of the male mouse has a
small fraction (5% of total lipids) with a thin-layer
chromatographic mobility intermediate between
those of type I and 11 diester waxes; this was shown
by Spener et al. (1969) to be composed of long-
chain (mainly C,;) alkyl acetates.

The rat preputial gland has a higher sterol
content than the mouse glands. The rat gland also
contains a small amount of squalene; its sterol
pattern (Wilson, 1963) resembles that of the sebum
(Table VII): the intermediates belong to the Kan-
dutsch-Russel pathway and there is an apparent
rate-limiting step between lathosterol and choles-
terol. The sterols are actually the only constituents
of preputial and sebaceous gland lipids that resem-
ble each other.
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LIPIDS OF PREEN GLANDS OF BIRDS

Although the preen glands of the birds are not
true sebaceous glands, they nevertheless contain
lipids which structurally resemble the lipids of
mammalian sebum. The major components of the
preen gland lipids of the waterfowl order (swans,
ducks, geese) are monoester waxes (Haahti et al.,
1964; Odham, 1967), which differ from the mam-
malian waxes by being completely saturated and
possessing predominantly branched chains; they
are either 2- or 4-methyl, 2 4-dimethyl-,
2,4, 6-trimethyl-, or 2,4,6,8-tetramethyl-sub-
stituted (Odman, 1967). Moreover. other birds,
like falcons and owls, have monoester waxes as
major constituents of their feather lipids (Haahti
et al., 1964).

Most of the preen gland lipids of fowl-like birds
(hen, partridge, pheasant, turkey) have a chro-
matographic mobility similar to that of mammalian
diester waxes and they give rise to diols and fatty
acids upon saponification (Haahti et al., 1964;
Nicolaides et al., 1968). The diols from chickens
have been identified as alkane-2, 3-diols with 23-24
carbon atoms (Haahti and Fales, 1967), Appar-
ently the parent compound consists of a diester of
the 2,3-diol with unsubstituted fatty acids and it
resembles the type Il diester waxes of mammalian
sebum, in which, however, the diol is 1,2- rather
than 2,3-.

The preen gland lipids of ring doves have been
reported (Jacob and Zeman, 1972) to contain
diesters of hydroxy fatty acids (maximum content
at C,,) with straight-chain even-numbered fatty
acids (maximum at C,;) and alcohols (maximum
at C,;). These compounds are similar to the type [
diester waxes in mammals except that they have
the hydroxyl group at position 3 rather than at
position 2.
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