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A B S T R A C T

Sebaceous gland cells (sebocytes) differentiate to intracellularly accumulate lipid droplets – a phenomenon
similar to that found in adipocytes. In the present study, we examined whether the regulation of lipogenesis in
sebocytes is the same as that in preadipocytes. When sebocytes and preadipocytes, prepared from auricle and
subcutaneous adipose tissues from the inguinal region of hamsters, respectively, were treated with a common
differentiation inducer, insulin, intracellular lipid-droplet formation and triacyglycerol (TG) production were
dose- and time-dependently augmented in both. Insulin increased the production of perilipin, a differentiation
marker in both sebocytes and adipocytes. Insulin-like growth factor 1 (IGF-1) augmented the intracellular level
of TG in sebocytes and preadipocytes. In addition, the action of 1α,25-dihydroxyvitamin D3 [1,25(OH2)D3] on
TG production was the opposite between sebocytes and preadipocytes. Furthermore, 5α-dihydrotestosterone
(5α-DHT) augmented the TG level in sebocytes, whereas it did not alter TG production in preadipocytes.
Moreover, insulin-augmented TG production in sebocytes was enhanced by IGF-1 and 5α-DHT, while diminished
by 1,25(OH2)D3. In preadipocytes, the insulin-augmented production of TG was decreased by IGF-1, 1,25(OH2)
D3, and 5α-DHT. These results suggest that sebocytic lipogenesis is partially similar to but substantially different
from adipocyte lipogenesis due to the forementioned hormones and growth factors in the skin under physio-
logical conditions.

1. Introduction

Sebaceous gland cells (sebocytes) are the cellular manufacturer and
reservoir of sebum which mainly consists of triacylglycerols (TG). TG is
androgen-dependently synthesized and stored in intracellular lipid
droplets. The holocrine secretion of sebum plays an important role for
maintaining physiological functions by forming a biological barrier in
skin [1,2]. In addition to androgens, such as testosterone and 5α-di-
hydrotestosterone (5α-DHT), sebocytic differentiation with sebum ac-
cumulation has been controlled by various physiological factors such as
hormones and growth factors. Insulin is a stimulator of lipid-droplet
formation in sebaceous glands in vivo and in vitro. In contrast, retinoic
acid, epidermal growth factor, and 1α,25-dihydroxyvitamin D3

[1,25(OH)2D3] have been reported to suppress the differentiation of
sebocytes in humans and rodents [3]. Furthermore, an excess secretion
of sebum has been reported to cause sebaceous-gland disorders such as

acne vulgaris and seborrhea, which are the most common skin diseases
[4].

Furthermore, adipocytes accumulate abundant TG within in-
tracellular lipid droplets and supply the primary source of energy for
other tissues by enzymic hydrolysis of the accumulated TG [5]. As far as
the regulation of adipocyte differentiation is concerned, insulin has
been reported to be a principal regulator to cause the maturation of
preadipocytes [6,7]. In addition, many investigators have reported that
the activation of peroxisome proliferation-activating receptors (PPARs)
by their ligands, including dietary fatty acids and eicosanoid metabo-
lits, such as prostaglandin J2 (PGJ2) and PGI2, induces adipocyte dif-
ferentiation in vivo and in vitro [8–10]. In contrast, androgens have been
reported to suppress intracellular lipid accumulation in differentiated
adipocytes [11]. Furthermore, other endogenous factors, such as epi-
dermal growth factor and 1,25(OH)2D3, have been reported to be in-
volved in the regulation of lipid metabolism in adipocytes [12].
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Although lipogenesis regulator findings have been reported in
human and murine sebocyte studies [13,14], it is not well understood
whether endogenous sebocyte-differentiation regulators similarly in-
fluence the lipogenesis of adipocytes in the skin. In the present study,
we have investigated the effect of hormones and growth factors on the
accumulation of intracellular lipids in the sebocytes and subcutaneous
preadipocytes of hamsters, and demonstrated that the regulation of li-
pogenesis differs between sebocytes and adipocytes.

2. Materials and methods

2.1. Preparation and treatment of hamster sebocytes

Hamster sebocytes (2.35 × 104 cells per cm2) were treated once
every three days for up to nine days with or without insulin, 1,25(OH2)
D3 (Sigma Chemical, St Louis, MO), human recombinant insulin-like
growth factor 1 (IGF-1) (R&D Systems, Minneapolis, MN), and 5α-DHT
(Wako Pure Chemical, Osaka, Japan) in Dulbecco's modified Eagle's
medium/Ham's F12 (DMEM/F12) (1:1) (Invitrogen, Carlsbad, CA)
supplemented with 6% heat-inactivated fetal bovine serum (FBS) (JRH
Bioscience, Tokyo, Japan), 2% human serum (ICN Biochemicals, Costa
Mesa, CA), and 0.68 mM L-glutame (Invitrogen) as previously described
[13]. In this series of experiments, hamster sebocytes were used up to
the third passage.

2.2. Preparation and treatment of hamster preadipocytes

Hamster preadipocytes were prepared from subcutaneous adipose
tissues from the inguinal region of five-week-old male golden hamsters
according to the method of a previous paper [15] with some mod-
ifications. Briefly, minced adipose tissues were soaked in a collagenase
solution [100 mM HEPES (pH 7.4)/123 mM NaCl/5 mM KCl/1.3 mM
CaCl2/5 mM glucose/1 μg/ml bacterial collagenase (Wako Pure Che-
mical)/1.5% bovine serum albumin] at 37 °C for 45 min. The digested
tissues were filtered with a nylon mesh membrane (pore size: 105 μm),
and then centrifuged. The precipitated cells were re-suspended in
DMEM/F12 supplemented with 10% FBS, 15 mM HEPES (pH 7.4),
14.3 mM NaHCO3, 16.4 μM biotin, 7.7 μM D-panthotenate, 5 mM L-
glutamine, 25 mM glucose, 10 units/ml penicillin G, and 5 μg/ml
streptomycin sulfate, and then plated into 60 mm culture dishes
(3 × 104 cells/cm2). After the confluence, the preadipocytes were
treated with dexamethasone (Dex) (1 μM) and 3-isobutyl-1-methyl-
xanthine (IBMX) (500 μM) (Sigma Chemical) for 48 h, and then treated
every two days for up to ten days with or without insulin, 1,25(OH2)D3,
IGF-1, and 5α-DHT in 7% FBS, 15 mM HEPES (pH 7.4), 14.3 mM
NaHCO3, 16.4 μM biotin, 7.7 μM D-panthotenate, 5 mM L-glutamine,
25 mM glucose, 10 units/ml penicillin G, and 5 μg/ml streptomycin
sulfate. The present study was approved by the Committee of Animal
Care and Welfare of Tokyo University of Pharmacy and Life Sciences.

2.3. Oil red O staining

The cultured sebocytes and preadipocytes were stained with 0.3%
oil red O (Sigma Chemical) in isopropanol:distilled H2O (3:2, vol:vol) at
37 °C for 15 min and then viewed with a light microscope furnished
with a digital camera (Olympus, Tokyo, Japan) as previously described
[13].

2.4. Triacylglycerol measurement

The harvested sebocytes and preadipocytes were subjected to TG
quantification using Liquitech TG-II (Roche Diagnostics, Tokyo, Japan)
as previously described [13]. The amounts of intracellular TG were
calculated using an authentic trioleinate-standard solution (0.6 mg/ml).
Intracellular DNA content was measured using salmon sperm DNA
(6.25–100 μg/ml) and 3,5-diaminobenzoic acid dihydrochloride (Sigma

Chemical) as previously described [13].

2.5. Western blotting

Cells were scraped with 1% Nonidant P-40 and 0.1% SDS (Sigma
Chemical) in Ca2+- and Mg2+-free phosphate-buffered saline [PBS
(−)], and then homogenated by being passed through a 21-gauge
needle. The cell homogenate was then centrifuged at 15,000×g for
20 min at 4 °C, and the resultant supernatant was used for Western
blotting. The sample was subjected to SDS-polyacrylamide gel electro-
phoresis with 10% acrylamide gel for perilipin and PPARγ [16,17]. The
proteins separated in the gels were then electrotransferred onto ni-
trocellulose membranes. The membranes were reacted with rabbit anti-
(human perilipin)IgG, which was customized by Operon Biotechnolo-
gies (Tokyo, Japan) [16], and rabbit anti-(human PPARγ)IgG (H-100)
(Santa Cruz Biotechnology, Santa Cruz, CA) [17]. Next, the membranes
were complexed with peroxidase-conjugated goat anti-rabbit IgG
(Sigma Chemical). The immunoreactive perilipin and PPARγ were then
visualized with enhanced chemiluminescence-western blotting detec-
tion reagents (GE Healthcare Bio-Sciences, Tokyo, Japan), according to
the manufacturer's instructions, using an Image Analyzer LAS-1000 plus
(GE Healthcare Bio-Sciences).

2.6. Statistical analysis

Statistical analyses were performed using one-way ANOVA with
Dunnett's posthoc test and Tukey posthoc test (for multiple compar-
isons) and Student's two-tailed, two-sample t-test (for paired compar-
isons). P-values< 0.05 were considered statistically significant.

3. Results and discussion

3.1. Insulin-induced lipid-droplet formation in hamster preadipocytes and
sebocytes

Since insulin is a principal differentiator for both preadipocytes and
sebocytes to increase the level of intracellular lipids [3,6,7,13], we first
examined the insulin response of the prepared hamster preadipocytes as
compared with those of the cultured sebocytes. As shown in Fig. 1,
although the lipid-droplet accumulation was negligible in the Dex- and
IBMX-treated preadipocytes (panel A), the administration of insulin

Fig. 1. Augmentation of intracellular lipid-droplet formation by insulin in
preadipocytes and sebocytes from hamsters. Oil-red-O staining shows in-
tracellular lipid-droplet formation in preadipocytes (A and B) and sebocytes (C
and D) from hamsters. A and C, untreated cells. B and D, insulin (20 nM)-
treated cells. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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(20 nM) after the initial stimulation by Dex and IBMX was found to
augment the lipid-droplet formation (panel B). In addition, the insulin
augmentation was due to the increased level of TG in the hamster

preadipocytes, which also occurred dose- and time-dependently
(Fig. 2A and B). Furthermore, an adipocyte differentiation marker,
perilipin [18], was detected in the insulin-treated preadipocytes but not
in the insulin-untreated ones after the initial stimulation with Dex and
IBMX (Fig. 2C, upper panel). However, there was no change in the
protein levels of PPARγ1 and γ2 under the experimental conditions
(Fig. 2C, lower panel). Similar phenomena have been reported in mouse
3T3-L1 preadipocytes [19]. Taken together with the findings of a pre-
vious paper [15], hamster preadipocytes are likely to possess the ability
of differentiation in response to insulin as in the case of preadipocytes
from mice, rats, and humans [3]. Therefore, hamster sebocytes and
preadipocytes are likely to be useful to evaluate the regulation of li-
pogenesis in vitro.

Fig. 1C shows that hamster sebocytes spontaneously differentiated
to accumulate intracellular lipid droplets during cultivation similar to
the findings of our previous report [13]. In addition, as in the case of rat
and human sebocytes [20,21], lipid-droplet accumulation was further
augmented by insulin treatment (Fig. 1D). Furthermore, the insulin
augmentation of lipid-droplet formation was found to be due to an
increase in the level of intracellular TG, which occurred dose- and time-
dependently (Fig. 3). Therefore, it is suggested that the insulin-medi-
ated regulation of TG biosynthesis in hamster sebocytes is quite similar
to that found in preadipocytes.

3.2. Regulation of TG production by IGF-1 in hamster preadipocytes and
sebocytes

IGF-1 has been reported to cause the differentiation of pre-
adipocytes [7] and an increase in lipid-droplet accumulation in rat and
human sebocytes [20,21]. In the present study, IGF-1 (0.1–20 ng/ml)
was found to dose-dependently increase the level of intracellular TG in
the Dex- and IBMX-treated preadipocytes (Fig. 4A) and hamster sebo-
cytes (Fig. 4B). In addition, as shown in Fig. 5A, IGF-1 (20 ng/ml)
slightly decreased the level of TG in the insulin-treated preadipocytes
(9.7% inhibition, p < 0.05). In contrast, IGF-1 was found to enhance
the production of TG in the insulin-treated sebocytes (1.5-fold,
p < 0.001) (Fig. 5B). Therefore, it is suggested that the augmentation
of TG production is coordinately regulated by insulin and IGF-1 in se-
bocytes rather than preadipocytes. This possibility might be supported
by previous papers where sebum production is regulated by the sig-
naling via insulin and IGF-1 receptors in the sebaceous glands of rats
and humans [22,23].

3.3. Effect of 1,25(OH2)D3 on the production of TG in hamster sebocytes
and preadipocytes

It has been reported that 1,25(OH2)D3 suppresses lipogensis in the
sebocytes of hamsters and humans [13,24]. In addition, Hida et al. [25]
have reported that 1,25(OH2)D3 suppresses the differentiation of 3T3-

Fig. 2. Increase of TG, perilipin, and PPARγ production by insulin in
hamster preadipocytes. A and B: TG production was increased by insulin
(0.1–20 nM) in dose- and time-dependent manners, respectively. C: When
hamster preadipocytes, after the initial stimulation with Dex and IBMX were
treated every two days for ten days with or without insulin (20 nM), the pro-
duction of perilipin was augmented by insulin. However, there were no changes
in the constitutive expressions of PPARγ1 and PPARγ2 between the insulin-
untreated and -treated cells. Three independent experiments were reproducible
and typical findings are shown. * and ***, significantly different from untreated
cells (Cont) or day 0 (p < 0.05 and 0.001, respectively).

Fig. 3. Upregulation of TG production by insulin
in hamster sebocytes. A and B: When hamster se-
bocytes were treated every three days for nine days
with or without insulin (0.1–20 nM), the production
of TG was increased in dose- and time-dependent
manners, respectively. ***, significantly different
from untreated cells (Cont) or day 0 (p < 0.001).
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L1 preadipocytes. As such, we examined the effect of 1,25(OH2)D3 on
TG production in hamster sebocytes and preadipocytes. As shown in
Table 1, 1,25(OH2)D3 was found to decrease intracellular TG levels in
hamster sebocytes (72.3% inhibition, p < 0.01). However, TG pro-
duction was augmented by 1,25(OH2)D3 in the Dex- and IBMX-treated
hamster preadipocytes (1.8 fold, p < 0.01), indicating that there is a

discrepancy in adipocyte differentiation between mice and hamsters,
which may be due to the different culture conditions. On the other
hand, as shown in Table 2, 1,25(OH2)D3 was found to suppress TG
production in the insulin-differetiated hamster sebocytes (67% inhibi-
tion, p < 0.001). Interestingly, 1,25(OH2)D3 inhibited the production
of TG in the isulin-treated preadipocytes (33.7% inhibition, p < 0.01).
These findings are similar to those of previous reports where 1,25(OH2)
D3 was found to suppress lipogenesis in mature adipocytes [25,26]. As
such, these results suggest that the physiological actions of 1,25(OH2)
D3 in the skin may differ between sebaceous glands and subcutaneous
adipose tissues, where lipid metabolism is actively carried out.

3.4. Effect of 5α-DHT on the production of TG in hamster sebocytes and
preadipocytes

Although 5α-DHT augmented the production of TG in sebocytes
(1.6 fold, p < 0.001) [13], there was no significant change in the level
of TG in the Dex- and IBMX-treated preadipocytes (Table 1). In addi-
tion, 5α-DHT was found to enhance the insulin-augmented production
of TG in hamster sebocytes (1.7 fold, p < 0.001), whereas it inhibited
the level of TG in the insulin-treated preadipocytes (20% inhibition,
p < 0.05). Androgens, such as testosterone and 5α-DHT, have been
reported to play important roles in the augmentation of lipogenesis and
proliferation in sebocytes from humans and rodents [1–3]. In contrast,
it has been reported that androgens negatively regulate both differ-
entiation and lipogenesis in adipocytes from humans and mice [27–29].
Taken together, it is strongly suggested that the regulation of lipogen-
esis by androgen differs between sebocytes and adipocytes.

4. Conclusion

These results suggest that sebocytic lipogenesis is partially similar to
but substantially differs from adipocyte lipogenesis due to hormones
and growth factors in the skin under physiological conditions.
Furthermore, an enhanced understanding of lipogenesis regulation in
sebaceous glands and adipose tissues in the skin may provide insights
into pathophysiological conditions such as acne and adiposity.

Fig. 4. Effect of IGF-1 on the production of TG in hamster preadipocytes
and sebocytes. When hamster preadipocytes (A) and sebocytes (B) were
treated with IGF-1 (0.1–20 ng/ml) as described in Figs. 2 and 3, TG production
increased in a dose-dependent manner. ** and ***, significantly different from
untreated cells (Cont) (p < 0.01 and 0.001, respectively).

Fig. 5. Regulation of TG production by IGF-1 in insulin-differetiated
hamster preadipocytes and sebocytes. When hamster preadipocytes (A) and
sebocytes (B) were treated with or without IGF-1 (20 ng/ml) in the presence of
insulin (20 nM), TG production was enhanced in the sebocytes but slightly
decreased in the preadipocytes. * and **, significantly different from the IGF-1-
untreated cells (p < 0.05 and 0.01, respectively).

Table 1
Intracellular levels of TG in 1,25(OH)2D3 and 5α-DHT-treated hamster sebo-
cytes and preadipocytes.

Treatment Relative level of intracellular TG (% of untreated
cells ± SD)

Sebocytes Preadipocytes

None 100 100
1,25(OH)2D3 100 nM 27.7 ± 3.5** 183.7 ± 63.7**
5α-DHT 1 μM 159.1 ± 3.2*** 111.3 ± 25.9

** and ***, significantly different from untreated cells (None) (p < 0.01 and
0.001, respectively).

Table 2
Effects of 1,25(OH)2D3 and 5α-DHT on TG production in insulin-treated ham-
ster sebocytes and preadipocytes.

Treatment Relative levels of intracellular TG (% of control ± SD)

Insulin-treated sebocytes Insulin-treated
preadipocytes

Control 100 100
1,25(OH)2D3 100 nM 33.0 ± 1.5*** 66.3 ± 15.6**
5α-DHT 1 μM 173.2 ± 12.4*** 80.2 ± 19.1*

*, **, and ***, significantly different from insulin-treated cells (Control)
(p < 0.05, 0.01, and 0.001, respectively).
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