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Sebaceous Gland Secretion is a Major Physiologic Route of
Vitamin E Delivery to Skin
Jens J. Thiele,*1 Stefan U. Weber,1 and Lester Packer

Department of Molecular and Cell Biology, Berkeley, California, U.S.A., *Department of Dermatology, Friedrich Schiller University, Jena, Germany

Skin plays an important part in the protection
against oxidative stressors, such as ultraviolet
radiation, ozone, and chemicals. This study was
based on the observation that upper facial stratum
corneum contained signi®cantly higher levels of the
antioxidant a-tocopherol than corresponding layers
of arm stratum corneum. We hypothesized that the
underlying mechanism involves sebaceous gland
secretion of vitamin E. To test this, we examined in
eight human volunteers: (i) stratum corneum levels
and distribution pro®les of vitamin E in sites with a
different sebaceous gland density (arm versus cheek);
(ii) whether vitamin E is a signi®cant constituent of
human sebum; and (iii) if there is a correlation
between levels of vitamin E and squalene, a marker
of sebum secretion, in skin surface lipids. Using
standardized techniques for stratum corneum tape
stripping and sebum collection, followed by high-

T

he skin serves as a biologic interface between body
and environment and thus is exposed to multiple
sources of oxidative stress, e.g., ultraviolet (UV) A/
UVB, air pollutants, and chemical oxidants (Fuchs,
1992; Scharffetter-Kochanek, 1997; Cross et al,
1998). To counteract oxidative injury of structural lipids and
proteins, human skin is equipped with a network of enzymatic and
nonenzymatic antioxidant systems (Thiele et al, 1999). Previously,
we have demonstrated that the stratum corneum (SC), which
maintains the barrier function of skin, is highly susceptible to
vitamin E depletion and lipid peroxidation induced by UVA, UVB
(Thiele et al, 1998), and ozone (Thiele et al, 1997). a-Tocopherol,
the principal naturally occurring form of vitamin E and chain
breaking antioxidant (Traber and Sies, 1996), was identi®ed as the
predominant antioxidant in murine and human SC, exhibiting a
characteristic gradient with lower levels towards the outer SC layers
in upper arm skin (Thiele and Packer, 1999). Whereas the
distribution, regulation, and relevance of naturally occurring
vitamin E in the various layers and anatomic regions of human
skin are still poorly understood, many studies on topically applied
vitamin E point to a major protective role in oxidatively challenged
skin (Thiele et al, 1999). It has been demonstrated by in vivo
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performance liquid chromatography analysis of
tocopherols and squalene, we found that: (i) the ratio
of cheek versus upper arm a-tocopherol levels was
20 : 1 for the upper stratum corneum and decreased
gradually with stratum corneum depth; (ii) vitamin
E (a- and g-tocopherol forms) is a signi®cant
constituent of human sebum and is continuously
secreted at cheek and forehead sites during a test
period of 135 min; and (iii) vitamin E correlates well
with levels of cosecreted squalene (r2 = 0.86,
p < 0.001). In conclusion, sebaceous gland secretion
is a relevant physiologic pathway for the delivery of
vitamin E to upper layers of facial skin. This
mechanism may serve to protect skin surface lipids
and the upper stratum corneum from harmful
oxidation. Key words: lipid peroxidation/oxidative stress/
sebum/squalene/a-tocopherol. J Invest Dermatol 113:1006±
1010, 1999

chemiluminescence that UVA exposure strongly increases the
formation of reactive oxygen species in the skin's upper layers and
that topical supplementation with a-tocopherol greatly reduces
UVA-induced formation (Evelson et al, 1997). Topical application
of a-tocopherol not only increases epidermal and dermal levels of
a-tocopherol but also bolsters the levels of other enzymatic and
nonenzymatic cutaneous antioxidants (Lopez-Torres et al, 1998).
Furthermore, topical application of a-tocopherol to murine skin in
vivo was demonstrated to inhibit epidermal lipid peroxidation,
prevent UV-induced immunosuppression (Yuen and Halliday,
1997), and provide epidermal DNA photoprotection by inhibition
of UVB-induced thymidine dimer formation (McVean and Liebler,
1997). Inhibition of UV-induced immunosuppression and epidermal DNA damage may account for the powerful anti-carcinogenic
potential of topical a-tocopherol demonstrated in UV-irradiated
C3H/HeN mice (Gensler and Magdaleno, 1991).
This study was based on the rather unexpected observation that
the upper SC layers of the environmentally exposed human facial
skin contained several-fold higher levels of a-tocopherol than
corresponding layers of the previously investigated, less exposed
upper arm SC (Fig 1). It was suggested that this ®nding may be
related to regional differences in the delivery pathway and/or
regulation of vitamin E. In the environmentally highly exposed
facial skin, the SC is covered by a ®lm of skin surface lipids which
consist of wax esters, triglycerides, and squalene, originating from
sebum secretion by sebaceous glands (Clarys and Barel, 1995). We
hypothesized that sebaceous gland secretion is a physiologic
pathway of vitamin E delivery to the skin surface lipids and SC
of facial skin. Therefore, in this study, we sought to examine: (i) SC
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In order to characterize further the portion of SC removed by 26 Dsquame tape-strips, the transepidermal water loss (TEWL; TM 210
evaporimeter, Courage & Khazaga, Cologne, Germany) was assessed in
®ve human volunteers after 0, 2, 8, 14, 20, 26, 32, and 38 tape-strippings.
Baseline TEWL levels after 0 tape-strippings were (mean 6 SD)
8.17 6 0.96 g per m2 per h (arm) and 33.8 6 7.59 g per m2 per h (cheek),
maximal levels after 38 tape-strippings (TEWLmax) were 65.18 6 12.26 g
per m2 per h and 93.90 6 0.58 g per m2 per h, respectively. After 26 tapestrippings (TEWL26) TEWL levels increased to 42.52 6 23.4 g per m2 per h
(arm) and 89.7 6 6.04 g per m2 per h (cheek), corresponding to a relative
increase (TEWL26 to TEWLmax) of 65.2% and 95.5%, respectively. These
results indicate that most of the facial SC was removed, whereas
approximately the upper two-thirds of the arm SC were removed by our
sampling method.

Figure 1. a-Tocopherol distribution within SC is site-dependent:
arm versus cheek. In the upper arm a-tocopherol-levels increased 47-fold
from the uppermost to the deepest SC layer. The increase in the cheek is by
far less pronounced. The ®rst two layers of cheek SC contained more atocopherol than the arm (***p < 0.001, **p < 0.01, n = 8).

levels and distribution pro®les of vitamin E in sites with different
sebaceous gland density; (ii) whether vitamin E is secreted by
sebaceous glands; and (iii) if there is a correlation between levels of
vitamin E and squalene in skin surface lipids.
MATERIALS AND METHODS
Chemicals All chemicals used were of the highest grade available. aand g-tocopherol standards were a kind gift from Henkel (La Grange, IL).
Squalene was from Sigma (St Louis, MO).
Human subjects For tape stripping, a location within the medial
portion of the proximal ®rst third of the upper arm was chosen. This region
is usually protected from UV exposure. On the face, a region of the cheek
was chosen (caudal of the middle line of the eye) for tape stripping. For the
procedures used to obtain SC and sebum from human volunteers,
permission was granted by the UC Berkeley Committee for the
Protection of Human Subjects. Nine volunteers (skin types II and III,
n = 3 Asians, n = 5 Caucasians, n = 2 women, n = 6 men, median age 27 y,
range of age 23±39 y) gave their written informed consent. Exclusion
criteria included any history of dermatologic disorders and any current
medical problem. For a total of 2 wk prior to the study, participants were
not allowed to take anti-oxidant supplementation either orally or topically,
nor were they allowed to apply any vitamin E-containing lotion or aftershave.
Tape stripping of human SC Before sample acquisition, the skin was
cleaned with a piece of gauze soaked in 50 ml of ethanol. Samples of human
SC were obtained by sequential tape stripping with D-Squame (Cuderm,
Dallas, TX) using a standardized protocol as described before (Thiele et al,
1998). Brie¯y, the strips were smoothly adhered to the skin, ¯attened
evenly three times, and removed gently using moderate and even traction.
The tape strips were numbered from 1 to 26. The average weights per
surface area of tape strip were 27 6 6 mg per cm2 for the face and 33 6 4 mg
per cm2 for the arm, which is in accordance with previous reports (Thiele
et al, 1998). The difference between the two groups was not signi®cant
(n = 8). The thickness of the removed SC was estimated based on the
cumulative weight, an assumed density of 1 g per cm3, and a uniform
coverage of SC on the tape strip as described (Kalia et al, 1996). With a
cumulative weight for 26 strips of 815 6 157 mg per cm2 for the cheek and
995.5 6 37 for the upper arm, the average thickness of removed SC
corresponded to 8.2 6 1.6 mm and 10 6 0.4 mm. Tape-stripped SC samples
were stored on dry ice until extraction, which was carried out within 2 h
after tape stripping.

Collection of sebum Prior to sample acquisition, the skin was cleaned
with a piece of gauze soaked in 50 ml of ethanol. Sebum was obtained by
application of standardized adhesive patches designed to collect sebum
(Sebutape, Cuderm, Dallas, TX). The surface area of one patch is 5.1 cm2.
The patches were sequentially applied to one cheek (caudal of the middle
line of the eye), the unilateral side of the forehead (cranial of the middle line
of the eye), and the unilateral inner side of the upper arm (upper third). The
®rst patch was removed after 15 min. Subsequently, the second and third
patches were applied one after the other, and left on the same spot for
60 min each. The average weights of the samples obtained by the ®rst patch
were 0.3 6 0.1 mg (arm), 1.1 6 0.2 mg (cheek), and 0.8 6 0.1 (forehead).
The average weight of the samples obtained by the second and third
patches were 0.3 6 0.1 mg (arm), 1.0 6 0.2 mg (cheek), and 0.8 6 0.1
(forehead) (n = 8). The amount of sebum was (semi)quantitated by scoring
on a scale from 0 to 5 according to the pore size on the patch, as described
by the supplier. A score of 0 means no sebum visible on the patch, and a
score of 5 means the maximum amount of sebum. Average scores of three
independent observers were determined (0.5 6 0.4 for the arm samples,
3.8 6 0.9 for the cheek, and 3.0 6 1.3 for the forehead). The patches were
stored on dry ice until extraction.
Simultaneous HPLC ± detection of a- and g-tocopherol, and
squalene For SC experiments, tapes 1 and 2 were pooled and hereafter
referred to as ``layer 1'', tapes 3 through 8 as ``layer 2'', tapes 9 through 14 as
``layer 3'', tapes 15 through 20 as ``layer 4'', and tapes 21 through 26 as ``layer
5''. SC lipids were extracted as described earlier (Thiele and Packer, 1999).
Brie¯y, pooled tapes and single adhesive patches were transferred into 50 ml
centrifuge tubes containing 2 ml phosphate-buffered saline with 1 mM
ethylenediamine tetraacetic acid and 10 mM butylated hydroxytoluene, 1 ml
of 0.1 M sodium dodecyl sulfate, and 4 ml ethanol. The samples were mixed
vigorously and extracted with 4 ml of hexane. The hexane layer was taken to
dryness under nitrogen, and the residue was resuspended in ethanol/
methanol 1 : 1 for injection. The HPLC system (Shimadzu, Kyoto, Japan)
consisted of an SCL-10A system controller, an LC-10AD pump, an SIL-10A
autoinjector with sample cooler, an Ultrasphere ODS C-18, 5 mm particle
size column, and two detectors: a Waters 490 multiwavelength detector
(Millipore, Milford, MA), set at 208 nm for squalene detection, and, set-up
in-line, an LC-4B electrochemical detector (BAS, West Lafayette, IN),
operating at a 500 mV oxidizing potential for vitamin E detection. The
mobile phase was composed of methanol/ethanol 1:3 (vol/vol) with 20 mM
lithium perchlorate.
Gas chromatography±mass spectrometry analysis of squalene For
further characterization of SC and sebum squalene, the fraction containing
the squalene peak was collected from the HPLC-system in a salt-free
mobile phase and taken to dryness under liquid nitrogen. The residue was
resuspended in acetone for analysis in a gas chromatography±mass
spectrometry system consisting of a HP6890 gas chromatograph (Hewlett
Packard, Palo Alto, CA), with a 30 m HP5 column (Hewlett Packard), and
an electron impact mass spectrometry unit HP 5974 (Hewlett Packard)
operated at 70 eV with a mass range from 35 to 500. The spectra obtained
were characterized by a base ion at 69 m/z and a weak parent ion at 410,
and found to be identical to squalene standards.
Statistics Statistical analyses were carried out using InStat for the
Macintosh (Graphpad, San Diego, CA). A one-factor, repeated measure
ANOVA was performed for successive SC layers and subsequent sebum
samples. To determine differences between groups, the Tukey post-test was
used. For the comparison of upper SC layers, the data were log
transformed. p < 0.05 was considered statistically signi®cant. Linear
regression was used to correlate the different parameters derived from
sebum samples. All data are expressed as mean 6 standard error of the
mean, n is given for each experiment.
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RESULTS
Vitamin E levels in upper facial SC are 20-fold higher than in
corresponding layers of upper arm SC Vitamin E levels in
the face and the upper arm were not signi®cantly different, when
the SC thickness removed by 26 consecutive tape-strippings was
compared. 102.0 6 18.3 pmol of a-tocopherol per mg (n = 8) were
found in facial SC as compared with 72.7 6 21.9 pmol per mg
(n = 8) in the SC of the upper arm. A dramatic difference in atocopherol levels, however, became apparent when analyzing the
uppermost SC layer obtained by two consecutive tape strips
(corresponding to layer 1). Layer 1 of the upper arm contained
0.7 6 0.3 pmol a-tocopherol per mg (n = 8), whereas the
corresponding layer in the cheek contained 20-fold higher levels
(13.7 6 5.1 pmol per mg) (n = 8, p < 0.001). These ®ndings
indicate a different distribution of a-tocopherol within the SC of
the arm than the face.

detected, and after a further 60 min collection period (135 min total
elapsed time), 66.2 6 8.9 pmol of a-tocopherol per mg were found
(6.5 6 1.8 pmol of g-tocopherol per mg) (n = 8 for all values). aTocopherol and g-tocopherol levels correlated closely (r2 = 0.86,
p < 0.0001) with an average ratio of 9:1.
Furthermore, squalene was present in all samples. Within a
sebum collection period of 60 min, 135.3 6 26 nmol of squalene
were detected per forehead patch, 182.9 6 29.2 nmol in the cheek
and signi®cantly less in the arm (19.3 6 3.2 nmol, p < 0.001, n = 8,
Fig 3). Regression was performed for vitamin E and squalene
contents in sebum samples. Both a- and g-tocopherol correlated
closely with squalene (r2 = 0.86, p < 0.001 for a-tocopherol and

SC vitamin E gradients differ in the upper arm and the
cheek The distribution of a-tocopherol in a total of ®ve SC layers
was analyzed for each subject individually. Consistent with our
earlier reports, in the upper arm site, the a-tocopherol level steadily
increased from the outside towards the inside (p < 0.005) 47-fold.
Layer 1 contained 0.7 6 0.3 pmol per mg, layer 2 3.4 6 1.0 pmol
per mg, layer 3 13.4 6 3.4 pmol per mg, layer 4 21.7 6 6.7 pmol
per mg, and layer 5 33.5 6 12.7 pmol per mg. Signi®cant
differences were observed between layers 1 and 5 (p < 0.01) and
2 and 5 (p < 0.01) (n = 8 for all data). Notably, a strikingly different
pattern was recorded for facial SC. Even though the vitamin E
levels slightly increased from the outside towards the inside
(p < 0.05, layer 1 versus layer 5), the increase from layer 1 to layer
5 was only 1.8-fold. Layer 1 contained 13.7 6 5.1 pmol per mg,
layer 2 19.1 6 3.2 pmol per mg, layer 3 22.7 6 3.7 pmol per mg,
layer 4 22.1 6 4.4 pmol per mg, and layer 5 24.4 6 3.9 pmol per mg
(n = 8 for all data). The ®rst two layers of facial SC contained
signi®cantly more vitamin E than the corresponding layers of the
upper arm (p < 0.001 layer 1, p < 0.01 layer 2, Fig 1).
Squalene forms gradients in SC of the upper arm and the
cheek In both arm and cheek, the ®rst SC layer contained more
squalene than the subsequent layers (p < 0.001 for arm and
p < 0.0001 for face). Facial SC, however, contained signi®cantly
more squalene (p < 0.001) than each corresponding layer of the arm
(Fig 2). In the cheek, layer 1 contained 85.1 6 13.9 pmol per mg,
layer 2 35.5 6 9.3 pmol per mg, layer 3 36.3 6 13.0 pmol per mg,
layer 4 27.2 6 8.7 pmol per mg, and layer 5 30.1 6 10.5 pmol per
mg. In the upper arm, layer 1 contained 14.1 6 4.4 pmol per mg,
layer 2 4.1 6 0.9 pmol per mg, layer 3 2.4 6 0.5 pmol per mg, layer
4 1.9 6 0.6 pmol per mg, and layer 5 1.8 6 0.5 pmol per mg (n = 8
for all data points).
Vitamin E is excreted in sebum The a- and g-form of
tocopherol were analyzed in sebum obtained from adhesive patches
that were applied to de®ned skin sites and removed at scheduled
time points. After 60 min a total of 54.4 6 11.1 pmol a-tocopherol
(5.4 6 1.5 pmol g-tocopherol) was collected on the patch from the
forehead and 76.5 6 13.4 pmol a-tocopherol (8.7 6 1.8 pmol gtocopherol) from the cheek (no signi®cant difference). The arm
patch contained signi®cantly less vitamin E (p < 0.001, n = 8, atocopherol 5.1 6 1.2 pmol, g-tocopherol 0.7 6 0.5 pmol, Fig 3).
Both forms of vitamin E were intermittently detected in sebum
samples obtained during a time course of 135 min in both the
forehead and the cheek (no signi®cant difference). When data were
normalized per weight of the collected sebum, no signi®cant
differences were found between forehead, cheek, and arm. As the
vitamin E gradients were analyzed in the cheek, the corresponding
sebum tocopherol levels obtained from this location are shown.
After 15 min 66.5 6 8.3 pmol of a-tocopherol per mg were found
(11.0 6 3.1 pmol of g-tocopherol per mg) in the cheek. After
another 60 min (75 min total time), 72.0 6 10.6 pmol of atocopherol per mg (8.2 6 1.8 pmol of g-tocopherol per mg) were

Figure 2. Cheek SC contains more squalene than SC of the upper
arm. SC samples were obtained from de®ned cheek and upper arm sites by
tape stripping. In both locations, the ®rst SC layer contained more squalene
than the subsequent ones (***p < 0.001, n = 8). Squalene levels in each
cheek SC layer were higher than the corresponding arm layers (p < 0.001,
n = 8).

Figure 3. Facial skin surface contains more vitamin E and squalene
than the upper arm. Sebum from the forehead, the cheek, and the upper
arm was collected as described in Materials and Methods. The total amount
collected in 60 min is shown. Whereas no signi®cant difference was found
between the two facial locations, both were higher in both a- and gtocopherol than the surface of the upper arm (both ***p < 0.001, n = 8).
The same pattern was observed for squalene (***p < 0.001, n = 8).
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Figure 4. Levels of a-tocopherol and squalene in sebum are closely
correlated. Sebum samples were collected from upper arm, forehead, and
cheek sites as described in Materials and Methods and thereafter analyzed for
tocopherol and squalene levels by HPLC using electrochemical detection.
All data pairs from all locations were pooled for regression analysis
(r2 = 0.86, p < 0.0001).

r2 = 0.71, p < 0.0001 for g-tocopherol) (Fig 4), with sebum weight
(r2 = 0.68, p < 0.001 for a-tocopherol and r2 = 0.60, p < 0.0001 for
g-tocopherol) and with sebum quantitation (r2 = 0.52, p < 0.0001
for a-tocopherol and r2 = 0.49, p < 0.0001 for g-tocopherol). In
addition, the amount of squalene correlated well with sebum
weight (r2 = 0.75, p < 0.0001), as well as with visual sebum
quantitation (r2 = 0.56, p < 0.0001). These correlations indicate,
that vitamin E indeed constitutes a part of the sebum.
DISCUSSION
This study demonstrates: (i) increased levels of a-tocopherol in the
upper SC of facial skin versus upper arm skin (Fig 1); (ii) sebaceous
gland secretion of a-tocopherol as the responsible mechanism of atocopherol delivery to facial skin surface lipids and upper SC
(Fig 3); and (iii) a close correlation between squalene and atocopherol levels in sebum (Fig 4).
Intriguingly, whereas a large body of evidence points to
photoprotective effects of topically applied vitamin E against
immunosuppression, DNA damage, and carcinogenesis, little is
known about the role of physiologic vitamin E regulation in
cutaneous tissues. Remarkably, the herein reported human sebum
levels of a-tocopherol (moles per wet weight) are more than 3-fold
higher than levels found in human blood plasma (Lang et al, 1986),
human dermis, epidermis (Shindo et al, 1994), and SC (Thiele et al,
1998). As was demonstrated for other sebum lipids (Blanc et al,
1989), and for exogenously applied a-tocopherol (Traber et al,
1998), sebaceous a-tocopherol is likely to penetrate into subjacent
SC layers. Thus, sebaceous a-tocopherol could account for the
increased levels of a-tocopherol detected in the upper SC of the
sebaceous gland regions of facial skin as compared with upper arm
skin (Fig 1). These ®ndings suggest that sebaceous gland secretion is
a relevant physiologic delivery pathway of a-tocopherol to
sebaceous gland-rich skin regions, such as the environmentally
exposed facial skin. Similar to a-tocopherol, which is a vitamin and
hence must be provided by oral uptake, orally administered drugs
have been reported to be transported to the skin surface and the SC
by the sebaceous gland secretion route (Faergemann et al, 1995). It
should be pointed out, however, that the sebaceous gland secretion
route appears to be mostly responsible for the a-tocopherol levels
in the upper SC layers of sebaceous gland rich regions. The steep
vitamin E gradient with the highest levels in the lower SC found in
arm skin (Fig 1) indicates that a-tocopherol is delivered from

VITAMIN E SECRETION BY HUMAN SEBACEOUS GLANDS

1009

differentiating epidermal cells and thus is based, at least in part, on
the epidermal turnover rate.
As the levels of a-tocopherol in sebum are substantially higher
than those reported for skin and most other body tissues and ¯uids
(Fuchs, 1992), the question arises whether this serves a physiologic
defense strategy to protect speci®c sebum lipids. A prime candidate
appears to be squalene, a major sebum constituent of predominantly
sebaceous origin (Stewart and Downing, 1985). Remarkably, a
very close correlation was found between sebum levels of atocopherol and squalene (Fig 4). Considering the chain-breaking
anti-oxidant properties of vitamin E in the protection against lipid
peroxidation, this ®nding might of be great relevance for
maintaining a physiologic balance of squalene and its UVA/
UVB-induced peroxides in the uppermost epidermal layers and
surface lipids. Upon oxidative challenges with singlet oxygen,
squalene is readily oxidized to mono-, di-, and tri-hydroperoxides,
whereas unsaturated phospholipids are more stable (Nakano et al,
1998). In skin, singlet oxygen is produced upon UVA exposures of
endogenous and exogenous photosensitizers, such as psoralens and
chlorpromazine, and leads to the decomposition of squalene and
the formation of squalene peroxides (Fujita et al, 1986; Hayakawa
and Matsuo, 1986). Among the various human skin surface lipids,
squalene was shown to be the most susceptible to UVB-induced
photooxidation (Picardo et al, 1991b). Furthermore, it has been
demonstrated that both UVB and UVA irradiation of squalene
yield squalene peroxides and malondialdehyde, a stable, cytotoxic
lipid peroxidation product (Matsuo et al, 1983; Dennis and
Shibamoto, 1989; Yeo and Shibamoto, 1992). Notably, there is
evidence that squalene oxidation products induce a number of
harmful effects in skin cell cultures and in vivo, including
keratinocyte cytotoxicity (Picardo et al, 1991b), histologic changes,
immunosuppression (Picardo et al, 1991a), and comedogenicity
(Mills et al, 1978; Motoyoshi, 1983).
Whereas the presence of high levels of vitamin E in human
sebum should be suf®cient to protect skin surface lipids such as
squalene, at least in part, from harmful photooxidation, a number of
intriguing questions arise that should be addressed in follow-up
studies. These involve possible changes in the physiologic vitamin E
balance by sebostatic treatment (e.g., isotretinoin and antiandrogens), physiologic hormonal changes affecting sebaceous
gland secretion (pre- and postpuberty; aging skin), and the
consequences of frequent face cleansing procedures.
In summary, this study provides conclusive evidence that
sebaceous gland secretion is a relevant physiologic delivery route
for vitamin E to sebaceous gland rich skin. In view of the adverse
effects of squalene peroxides on skin and the powerful antioxidative potential of vitamin E, the herein presented correlation
between a-tocopherol and squalene levels in human sebum may
re¯ect a physiologic anti-oxidant strategy to maintain low levels of
squalene oxidation products in skin surface lipids and their
penetration into subjacent skin layers.
The authors would like to thank James Choi and Sangsoo Wesley Park for excellent
technical assistance as well as Dr. Sibylle Schliemann and Prof. Peter Elsner for their
valuable support in tape-stripping and TEWL experiments. J.J.Thiele was
supported by a postdoctoral fellowship from the Deutsche Forschungsgemeinschaft
(Th 620/1-1).

REFERENCES
Blanc D, Saint-Leger D, Brandt J: An original procedure for quanti®cation of
cutaneous resorption of sebum. Arch Dermatol Res 281:346±350, 1989
Clarys P, Barel A: Quantitative evaluation of skin surface lipids. Clinics Dermatol
13:307±321, 1995
Cross CE, van der Vliet A, Louie S, Thiele JJ, Halliwell B: Oxidative stress and
antioxidants at biosurfaces: plants, skin and respiratory tract surfaces. Environ
Health Perspectives 106(Suppl. 5):1241±1251, 1998
Dennis KJ, Shibamoto T: Production of malonaldehyde from squalene, a major skin
surface lipid, during UV-irradiation. Photochem Photobiol 49:711±716, 1989
Evelson P, OrdoÂnÄez CP, Llesuy S, Boveris A: Oxidative stress and in vivo

1010

THIELE ET AL

chemiluminescence in mouse skin exposed to UVA radiation. J Photochem
Photobiol B Biol 38:215±219, 1997
Faergemann J, Godleski J, Laufen H, Liss RH: Intracutaneous transport of orally
administered ¯uconazole to the stratum corneum. Acta Derm Venereol (Stockh)
75:361±363, 1995
Fuchs J: Oxidative Injury in Dermatopathology. Berlin: Springer-Verlag, 1992
Fujita H, Matsuo I, Okazaki M, Yoshino K, Ohkido M: Chlorpromazine-sensitized
photooxidation of squalene. Arch Dermatol Res 278:224±227, 1986
Gensler HL, Magdaleno M: Topical vitamin E inhibition of immunosuppression and
tumorigenesis induced by ultraviolet radiation. Nutr Cancer 15:97±106, 1991
Hayakawa K, Matsuo I: Effects of PUVA therapy on skin surface lipids: skin surface
lipid peroxidation in psoriasis vulgaris and its biological signi®cance. Tokai J
Exp Clin Med 11:317±322, 1986
Kalia YN, Pirot F, Guy RH: Homogenous transport in a heterogenous membrane:
Water diffusion across human stratum corneum in vivo. Biophys J 71:2692±
2700, 1996
Lang JK, Gohil K, Packer L: Simultaneous determination of tocopherols, ubiquinols,
and ubiquinones in blood, plasma, tissue homogenates, and subcellular
fractions. Anal Biochem 157:106±116, 1986
Lopez-Torres M, Thiele JJ, Shindo Y, Han D, Packer L: Topical application of atocopherol modulates the antioxidant network and diminishes ultravioletinduced oxidative damage in murine skin. Br J Dermatol 138:207±215, 1998
Matsuo I, Yoshino K, Ohkido M: Mechanism of skin surface lipid peroxidation. Curr
Probl Dermatol 11:135±143, 1983
McVean M, Liebler DC: Inhibition of UVB induced DNA photodamage in mouse
epidermis by topically applied alpha-tocopherol. Carcinogenesis 18:1617±1622,
1997
Mills OH, Porte M, Kligman AM: Enhancement of comedogenic substances by
ultraviolet irradiation. Br J Dermatol 98:145±150, 1978
Motoyoshi K: Enhanced comedo formation in rabbit ear skin by squalene and oleic
acid peroxides. Br J Dermatol 109:191±198, 1983
Nakano M, Kambayashi Y, Tatsuzawa H, Komiyama T, Fujimori K: Useful 1O2
(1delta g) generator, 3-(4¢-methyl-1¢-naphthyl) -propionic acid, 1¢,4¢endoperoxide (NEPO), for dioxygenation of squalene (a skin surface lipid)
in an organic solvent and bacterial killing in aqueous medium. FEBS Lett
432:9±12, 1998

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

Picardo M, De Zompetta C, Luca C, Amantea A, Faggioni A, Nazzaro-Porro M,
Passi S: Squalene peroxides may contribute to ultraviolet light-induced
immunological effects. Photodermatol Photoimmunol Photomed 8:105±110,
1991a
Picardo M, De Zompetta C, Luca C, et al: Role of skin surface lipids in UV-induced
epidermal cell changes. Arch Dermatol Res 283:191±197, 1991b
Scharffetter-Kochanek K: Photoaging of the connective tissue of skin: Its prevention
and therapy. Adv Pharmacol 38:639±655, 1997
Shindo Y, Witt E, Han D, Epstein W, Packer L: Enzymic and non-enzymic
antioxidants in epidermis and dermis of human skin. J Invest Dermatol 102:122±
124, 1994
Stewart ME, Downing DT: Measurement of sebum secretion rates in young
children. J Invest Dermatol 84:59±61, 1985
Thiele JJ, Packer L: Non-invasive measurement of a-tocopherol gradients in human
stratum corneum by HPLC analysis of sequential tape strippings. Methods
Enzymol 300:413±419, 1999
Thiele JJ, Traber MG, Polefka TG, Cross CE, Packer LP: Ozone exposure depletes
vitamin E and induces lipid peroxidation in murine stratum corneum. J Invest
Dermatol 108:753±757, 1997
Thiele JJ, Traber MG, Packer L: Depletion of human stratum corneum vitamin E.
An early and sensitive in vivo marker of UV-induced photooxidation. J Invest
Dermatol 110:756±761, 1998
Thiele JJ, Dreher F, Packer L. Antioxidant defense systems in skin. In: Elsner P,
Maibach H, Rougier A (eds). Drugs Vs Cosmetics: Cosmeceuticals? New York:
Marcel Dekker, 1999; in press
Traber MG, Sies H: Vitamin E in humansÐdemand and delivery. Annu Rev Nutr
16:321±347, 1996
Traber MG, Rallis M, Podda M, Weber C, Maibach HI, Packer L: Penetration and
distribution of alpha-tocopherol, alpha- or gamma-tocotrienols applied
individually onto murine skin. Lipids 33:87±91, 1998
Yeo H, Shibamoto T: Formation of formaldehyde and malonaldehyde by
photooxidation of squalene. Lipids 27:50±53, 1992
Yuen KS, Halliday GM: Alpha-tocopherol, an inhibitor of epidermal lipid
peroxidation, prevents ultraviolet radiation from suppressing the skin
immune system. Photochem Photobiol 65:587±592, 1997

