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Propionibacterium acnes is considered to be involved in the aggravation of acne vulgaris, but it remains unclear
whether P. acnes directly influences lipogenesis in sebaceous glands. In this study, we showed that a culture
medium of P. acnes (acnes-CM) and formalin-killed P. acnes (F-acnes) prepared from P. acnes strains, JCM6473
and JCM6425, intracellularly augmented lipid droplet formation and triacylglycerol (TG) synthesis in
undifferentiated and insulin-differentiated hamster sebocytes. Acnes-CM and F-acnes prepared from four
clinical P. acnes strains elicited the same lipogenesis augmentation. The augmented TG production resulted
from an increase in the diacylglycerol acyltransferase activity. Topical application of acnes-CM to the skin of
hamster auricles every day for 4 weeks revealed that sebum accumulation was augmented in sebaceous glands
and ducts. Furthermore, both acnes-CM and F-acnes increased the production of 15-deoxy-D12,14-prostaglandin
J2 (15d-PGJ2), a cytochrome P450 (CYP)-linked sebaceous lipogenic factor, in differentiated sebocytes. A CYP
inhibitor, SKF-525A, decreased the acnes-CM- and F-acnes-augmented production of TG and 15d-PGJ2. Thus, to
our knowledge these results provide previously unreported evidence that P. acnes directly participates in the
augmentation of sebaceous lipogenesis through a proposed mechanism in which an increase of 15d-PGJ2

production through the CYP pathway is closely associated with the enhancement of TG production.
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INTRODUCTION
Propionibacterium acnes, a Gram-positive anaerobic micro-
bial species, is considered to play a role in the aggravation of
acne vulgaris, an inflammatory disease in sebaceous glands
and pilosebaceous units in the skin (Bojar and Holland, 2004;
Farrar and Ingham, 2004; Zouboulis et al., 2005). The
pathogenesis of acne is characterized by (i) excess sebum
production and hyperplasia of sebaceous glands; (ii) forma-
tion of microcomedones, which is closely associated with
hyperkeratinization of the follicular wall and infundibulum;
and (iii) induction of inflammatory reactions, such as the

acceleration of cytokine production and arachidonic acid
metabolism in keratinocytes, sebocytes, and invaded inflam-
matory cells (Pawin et al., 2004).

Regarding the involvement of endogenous factors in acne
development, androgens, such as testosterone and 5a-
dihydrotestosterone, have been reported to participate in
excess sebum secretion and enlargement of sebaceous glands
in acne lesions (Bialecka et al., 2005). In addition, insulin,
insulin-like growth factor 1, prostaglandins (PGs), and
peroxisome proliferation-activating receptors have all been
reported to contribute to the development and aggravation of
acnes (Rosenfield et al., 1999; Iwata et al., 2005; Alestas
et al., 2006; Smith et al., 2006; Trivedi et al., 2006).
Furthermore, it has been reported that the augmented
production of proinflammatory cytokines, such as IL-1a,
IL-6, IL-8, and tumor necrosis factor-a in epithelial cells and
in infiltrated neutrophils and lymphocytes, is involved in the
aggravation of acne and in the enhancement of inflammatory
reaction in acne lesions (Vowels et al., 1995; Chen et al.,
2002; Basal et al., 2004; Graham et al., 2004; Alestas et al.,
2006). These reports are intriguing in understanding the
molecular mechanisms of acne pathology, as P. acnes is
unlikely to be the direct causal bacteria responsible for acne
in spite of the fact that it frequently exists within follicular
canals (Farrar and Ingham, 2004). However, it remains
unclear whether P. acnes could directly regulate sebum
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production and inflammatory reactions in sebaceous gland
cells (sebocytes).

In this study, we showed that a culture medium of P. acnes
(acnes-CM) and formalin-killed P. acnes (F-acnes) derived
from two types of P. acnes strains, JCM6425 and JCM6473,
the augmented intracellular formation of lipid droplets in
hamster sebocytes by increasing the de novo synthesis of
triacylglycerols (TGs) in vivo and in vitro. In addition, similar
results were obtained in treatment with acnes-CM and
F-acnes prepared from clinical P. acnes strains. These results
suggest a direct involvement of P. acnes in the augmentation
of sebaceous lipogenesis through itself and/or through
P. acnes-derived soluble factor(s).

RESULTS
The augmentation of lipid droplet formation and de novo TG
synthesis by P. acnes in hamster sebocytes

We first examined whether P. acnes regulated sebaceous
lipogenesis in cultured hamster sebocytes. As P. acnes has
been isolated and characterized on human skin, but rarely
on animal skin (Noble and Wade, 1998), we used acnes-CM
and F-acnes, but not living P. acnes, in these experiments.
As shown in Figure 1, both acnes-CM and F-acnes prepared
from JCM6473 strain (1�106 cells) were found to augment
the formation of intracellular lipid droplets in sebocytes
(Figure 1b and c versus a). In addition, in insulin-differ-
entiated sebocytes, in which the number of Oil Red
O-positive cells was increased (Figure 1d versus a) (Akimoto
et al., 2005), both acnes-CM and F-acnes were found to
enhance the accumulation of intracellular lipid droplets
(Figure 1e and f versus d). Furthermore, both acnes-CM and
F-acnes from the JCM6473 strain were found to increase the
intracellular levels of TG, a major sebum component, in the

undifferentiated (1.3- and 1.4-fold, respectively, at 1�106

cells) and differentiated sebocytes (1.2- and 1.3-fold,
respectively, at 1� 106 cells) (Table 1). The augmentation
of TG levels resulted from an increase in the activity of
diacylglycerol acyltransferase (DGAT), a rate-limiting en-
zyme for TG synthesis, by acnes-CM and F-acnes from
JCM6473 strain (3.7- and 2.3-fold, respectively) in the
differentiated cells (Figure 2). The increase of TG production
and DGAT activity by acnes-CM and F-acnes was similarly
detected in JCM6425 strain-treated undifferentiated and
differentiated sebocytes (Table 1 and Figure 2). Moreover,
as shown in Table 2, when undifferentiated hamster
sebocytes were treated with acnes-CM and F-acnes prepared
from four clinically isolated P. acnes strains, PA001–004,
augmentation of TG production was observed. Thus, these
results indicated that P. acnes directly increased sebaceous
lipogenesis by augmenting DGAT-dependent de novo TG
synthesis. As we confirmed that there was no difference in the
regulation of lipid droplet formation and TG production by
acnes-CM and F-acnes between strains JCM6473 and
JCM6425, the former strain was used in the following
experiments.

Augmentation of sebum accumulation in hamster sebaceous
glands and ducts by P. acnes in vivo

We next examined whether P. acnes directly augmented
sebum accumulation in sebaceous glands and ducts in vivo.
When auricles of 3-week-old male golden hamsters were
topically treated with acnes-CM at 1� 106 cells in 95%
ethanol/5% glycerol or with vehicle for 4 weeks and then
stained with Oil Red O, the semiquantification analysis for
Oil Red O-positive signals in the tissues revealed an increase
of sebum accumulation in sebaceous glands and ducts
(1.8-fold) (Figure 3). However, there was no change in

Figure 1. Augmentation of lipid droplet formation by P. acnes in hamster sebocytes. Hamster sebocytes at the third passage were treated every 3 days

for 12 days without (a and d) or with acnes-CM (b and e) and F-acnes (c and f), which were prepared from JCM6473 strain at 1� 106 cells in the presence (d–f)

or absence of insulin (10 nM) (a–c). Cells were fixed and then stained with Oil Red O as described in the text. Bar¼ 50mm.
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epidermal thickness in the acnes-CM-treated hamsters
(Figure 3a and b), although hyperkeratinization in the
follicular wall and infundibulum is characteristic of acne
(Pawin et al., 2004). Furthermore, we confirmed that the
acnes-CM did not influence the cell proliferation in hamster
sebocytes (data not shown). Therefore, P. acnes is likely to
preferentially facilitate sebum production in hamster sebac-
eous glands in vivo and in vitro.

Involvement of 15-deoxy-D12,14-prostaglandin J2 in
P. acnes-augmented TG production in the differentiated
hamster sebocytes

Arachidonic acid metabolites have been reported to be
associated with acne development and deterioration in vivo
(Zouboulis, 2004; Alestas et al., 2006). Recently, we reported
that the augmentation of 15-deoxy-D12,14-prostaglandin J2
(15d-PGJ2) production is involved in the increase in TG
production in hamster sebocytes (Iwata et al., 2005). Thus,
we examined whether P. acnes increased 15d-PGJ2
production in hamster sebocytes. As shown in Figure 4,
both acnes-CM and F-acnes were found to increase the
production of 15d-PGJ2 in these cells (1.8- and 1.6-fold at
1�106 cells, respectively). As we reported that 15d-PGJ2
production in hamster sebocytes is dependent on the
cytochrome P450 (CYP) pathway (Iwata et al., 2005), we
further examined whether the P. acnes-augmented TG and
15d-PGJ2 production was inhibited by a CYP inhibitor, SKF-
525A, in hamster sebocytes. As shown in Table 3, SKF-525A
(20mM) decreased the level of TG and the production of 15d-
PGJ2 in both acnes-CM- and F-acnes-treated cells. Therefore,
these results indicated the close involvement of the CYP-
15dPGJ2 pathway in the P. acnes-augmented TG production in
hamster sebocytes.

DISCUSSION
The development of acne has been reported to be associated
with the augmentation of not only androgen and proin-
flammatory cytokines (Vowels et al., 1995; Farrar and
Ingham, 2004; Pawin et al., 2004; Zouboulis et al., 2005)
but also of PGs and peroxisome proliferation-activating
receptor expression (Rosenfield et al., 1999; Iwata et al.,
2005; Alestas et al., 2006; Smith et al., 2006; Trivedi et al.,

Table 1. Augmentation of TG production by P. acnes in undifferentiated and differentiated hamster sebocytes

TG levels (lg per lg DNA)

Undifferentiated sebocytes Differentiated sebocytes

Treatments (cell numbers) Acnes-CM F-acnes Acnes-CM F-acnes

JCM6473

Control 1.70±0.03 0.90±0.09 3.65±0.06 1.52±0.02

1�105 2.01±0.10*** 1.15±0.04* 4.04±0.06** 1.91±0.11**

1�106 2.23±0.02*** 1.24±0.05** 4.37±0.08*** 2.00±0.09**

1�107 1.78±0.04* 1.10±0.02* 3.85±0.05* 1.92±0.06***

JCM6425

Control 1.72±0.05 1.02±0.08 3.60±0.08 1.61±0.01

1�105 1.98±0.07** 1.10±0.15 4.03±0.09** 1.70±0.09

1�106 2.19±0.02*** 1.21±0.10* 4.24±0.08*** 1.83±0.06**

1�107 1.79±0.01* 1.17±0.05* 3.87±0.14* 1.72±0.01***

Acnes-CM, culture medium of P. acnes; F-acnes, formalin-killed P. acnes; P. acnes, Propionibacterium acnes; TG, triacylglycerol.
Undifferentiated and differentiated hamster sebocytes at the third passage were treated every 3 days for 12 days with acnes-CM and F-acnes prepared from
two P. acnes strains (JCM6473 and JCM6425) at the indicated cell numbers. After the treatments, intracellular levels of TG were measured as described in the
text. Data are indicated as mean±SD in triplicate dishes. Four independent experiments were reproducible and typical data are shown. *, **, and
***Significantly different from untreated cells (Control) (Po0.05, 0.01, and 0.001, respectively).
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Figure 2. Increase in DGAT activity by P. acnes in the differentiated hamster

sebocytes. The differentiated hamster sebocytes at the third passage were

treated for 6 days with acnes-CM and F-acnes, which were prepared from two

P. acnes strains (JCM6473 and JCM6425) at 1� 106 cells. The harvested

sebocytes were subjected to the measurement of DGAT activity as described

in the text. Data are indicated as mean±SD in three dishes. *, **, and

***Significantly different from untreated cells (Control) (Po0.05, 0.01, and

0.001, respectively).
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2006), which subsequently contributes to the excess
sebum secretion and production, and microcomedogenesis
by hyperkeratinization of follicular wall and infundibulum
(Pawin et al., 2004). In this study, we showed that acnes-CM
and F-acnes from two P. acnes strains (JCM6425 and
JCM6473) directly augmented the formation of intracellular
lipid droplets by increasing the DGAT-dependent TG
synthesis in differentiated hamster sebocytes. In addition,
we have confirmed that the gene expression of DGAT-1,
but not DGAT-2 (Turkish and Sturley, 2007), is detectable
in differentiated hamster sebocytes (data not shown).
Furthermore, topical application of acnes-CM to the
skin of hamster auricles was found to enhance sebum
accumulation in sebaceous glands and ducts in vivo.
At this time, this experimental density of P. acnes leading
to the enhancement of lipogenesis could be supported
by the finding that the skin surface density of P. acnes
is in the range of 105–107/cm2 on lipid-rich skin after
puberty (Noble and Wade, 1998). Therefore, these
results provide previously unreported evidence that P. acnes
by itself exhibits a lipogenesis-stimulating activity in
sebaceous glands. Moreover, this in vivo acne-like model
may be useful for the pharmacological evaluation of anti-
acne agents.

Neufang et al. (2001) have reported that the development
of sebaceous glands with sebum accumulation is enhanced in
transgenic mice overexpressing cyclooxygenase 2 in the
epidermis. Recently, we reported that 15d-PGJ2, the synthesis
of which is dependent on the CYP pathway, is a sebocyte
lipogenesis stimulator that augments the DGAT-mediated TG
production (Iwata et al., 2005). In this study, we have shown
that both acnes-CM and F-acnes increased the production of
15d-PGJ2, and a CYP inhibitor, SKF-525A, inhibited the
augmented 15d-PGJ2 production along with a decrease
in intracellular TG levels in the differentiated sebocytes.
Therefore, we propose the possibility that the CYP-dependent

15d-PGJ2 production contributes to the augmentation of
sebum production by P. acnes in sebaceous glands. More-
over, 15d-PGJ2 has been reported to be an endogenous
activator of peroxisome proliferation-activating receptor-g
(Kliewer et al., 1995; Shibata et al., 2002; Scher and Pillinger,
2005). A recent report by Trivedi et al. (2006) showed an
increase in sebum secretion in patients treated with peroxi-
some proliferation-activating receptor ligands, such as
thiazolidinediones and fibrates. Thus, these reports and our
earlier study (Iwata et al., 2005) support our hypothesis that
P. acnes, at least partially, augments the production of
15d-PGJ2, and thereby stimulates peroxisome proliferation-
activating receptors to enhance TG production, which in turn
causes excess sebum secretion as seen in acne lesions.

Table 2. Effect of clinical strains of P. acnes on the
production of TG in undifferentiated hamster
sebocytes

Relative TG levels (fold versus untreated cells)

Strains Acnes-CM (1� 106 cells) F-acnes (1� 106 cells)

PA001 1.99±0.10*** 2.12±0.17***

PA002 1.33±0.14** 2.45±0.09***

PA003 1.99±0.45** 2.45±0.17***

PA004 2.02±0.25** 1.01±0.12

Acnes-CM, culture medium of P. acnes; F-acnes, formalin-killed P. acnes;
P. acnes, Propionibacterium acnes; TG, triacylglycerol.
Undifferentiated hamster sebocytes at the third passage were treated every
3 days for 12 days with acnes-CM and F-acnes prepared from four clinical
strains of P. acnes (PA001–004) (1�106 cells). After the treatments,
intracellular levels of TG were measured as described in the text. The
relative levels of TG were expressed by taking untreated cells as 1.00.
Data are shown as means±SD in three independent experiments using
different hamster sebocytes. ** and ***Significantly different from
untreated cells (Po0.01, and 0.001, respectively).
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Figure 3. Effects of P. acnes on sebum accumulation in sebaceous glands in

the skin of hamster auricles. Hamster auricles were treated every day for 4

weeks with acnes-CM (JCM6473) at 1�106 cells in 95% ehanol/5% glycerol

or with vehicle solution (Control). The tissues were fixed and then stained

with Oil Red O (a and b) as described in the text; panels a and b indicate

vehicle- and acnes-CM-treated skin, respectively. Arrowheads and asterisks

indicate sebaceous glands and epidermis, respectively. Bars¼ 300mm. (c) The

relative amounts of sebum accumulated in sebaceous glands were quantified

from three individual areas of the skin treated with acnes-CM or vehicle

(Control). Data are indicated as mean±SD from three independent

experiments. *Significantly different from the vehicle-treated hamsters

(Control) (Po0.05).
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P. acnes-mediated sebaceous inflammation and hyperker-
atinization in the follicular wall have been considered to be
caused by the bacterial lipase-degraded lipid products (Pawin
et al., 2004), and by peptidoglycan polysaccharides, a
component of the Gram-positive bacteria cell walls (Vowels

et al., 1995; Graham et al., 2004), through Toll-like receptor
2 (Kim, 2005; Mclnturff et al., 2005; Nagy et al., 2005).
Presently, we have not identified soluble and/or cell-
associated factor(s) derived from P. acnes that may facilitate
sebum synthesis in sebaceous glands. Taken together with a
recent report of Oeff et al. (2006) that human SZ95 sebocytes
constitutively express Toll-like receptor 2, our finding that
F-acnes increased TG production in hamster sebocytes allows
us to speculate that peptidoglycan polysaccharides of
P. acnes may be associated with the augmented lipogenesis.
Further experiments are needed to clarify the mechanism of
P. acnes-enhanced sebaceous lipogenesis, for example, the
involvement of peptidoglycan polysaccharides of P. acnes.

In general, P. acnes is confined to the infundibula of
pilosebaceous units in healthy skin (Bojar and Holland, 2004;
Pawin et al., 2004). The onset of acne has been associated
with an increase of P. acnes proliferation, which correlates
with the augmented supply of TG, a source nutrition of
P. acnes, from sebaceous glands (Bojar and Holland, 2004;
Pawin et al., 2004). Taken together with our findings,
although it is controversial whether P. acnes by itself interacts
with sebaceous glands, we propose that an aggravation
mechanism of acne exists whereby soluble factor(s) released
from hyperproliferated P. acnes diffuses through sebum in the
sebaceous duct and reaches the sebaceous glands and
pilosebaceous units from a distance, whereby sebaceous
lipogenesis and inflammatory reactions mediated by infil-
trated immune cells are enhanced in acne lesions.

In conclusion, we have shown that P. acnes augmented
sebum production and accumulation by increasing DGAT-
mediated TG synthesis in sebaceous glands in vivo and
in vitro. In addition, the increase in 15d-PGJ2 production by
P. acnes was associated with the augmentation of lipogenesis
in hamster sebocytes. Therefore, these results provide
previously unreported evidence in the pathology of acne
that P. acnes directly participates in the augmentation of
sebaceous lipogenesis by P. acnes-derived soluble factor(s)
and/or P. acnes itself, by the mechanism that the increase in
15d-PGJ2 production through CYP pathway(s) may be closely
associated with the enhancement of TG production.

MATERIALS AND METHODS
P. acnes culture conditions
Two stains of P. acnes (JCM6425 and JCM6473) were purchased from

RIKEN BioResource Center (Ibaraki, Japan). In addition, four clinical

P. acnes strains (PA001–004) were prepared from individual acne

patients according to the method of Kishishita et al. (1979). P. acnes

was cultured in GAM medium (Nissui Pharmaceutical, Tokyo, Japan)

or DMEM/Ham’s F12 medium(DMEM/F12) (1:1; Invitrogen, Carlsbad,

CA) for 72 hours at 37 1C under anaerobic conditions, and then

centrifuged for 15 minutes at 5,000 g at 4 1C. The precipitated bacteria

were washed three times with Ca2þ - and Mg2þ -free phosphate-

buffered saline [PBS(�)] and then treated with 4% formaldehyde/

PBS(�) for 30 minutes. After an additional centrifugation, F-acnes was

re-suspended in distilled water, and then aliquoted and stored at

�20 1C. Acnes-CM was filtered, and then similarly aliquoted and

stored at �20 1C. The number of P. acnes was determined by plating

serial dilutions of the culture onto a GAM agar plate.
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Figure 4. Augmentation of 15d-PGJ2 production by P. acnes in differentiated

hamster sebocytes. Differentiated hamster sebocytes at the third passage

were treated every 3 days for a total of 12 days with acnes-CM and F-acnes,

which were prepared from JCM6473 strain at the indicated cell numbers.

After the treatments, 15d-PGJ2 levels in the harvested culture media were

measured as described in the text. Data are indicated as mean±SD in

triplicate dishes. * and **Significantly different from untreated cells (Control)

(Po0.05 and 0.01, respectively).

Table 3. Inhibition of P. acnes-augmented 15d-PGJ2
and TG production by a CYP inhibitor, SKF-525A, in
differentiated hamster sebocytes

Treatments

Levels of 15d-PGJ2
(pg ml�1)

(fold versus control)

Levels of intracellular TG
(lg per lg DNA)

(fold versus control)

Control 139.83±21.28 (1.00) 2.58±0.35 (1.00)

Acnes-CM

(1� 106 cells)

311.60±5.34** (2.23) 3.61±0.09** (1.40)

Acnes-CM

(1� 106 cells)+

SKF-525A

(20 mM)

125.45±19.20## (0.90) 2.62±0.44## (1.02)

F-acnes

(1� 106 cells)

389.21±49.77** (2.78) 3.60±0.33** (1.40)

F-acnes

(1� 106 cells)+

SKF-525A

(20 mM)

190.38±4.89# (1.36) 3.04±0.19# (1.18)

SKF-525A

(20 mM)

142.37±19.01 (1.02) 2.72±0.49 (1.05)

Acnes-CM, culture medium of P. acnes; 15d-PGJ2, 15-deoxy-D12,14-
prostaglandin J2; F-acnes, formalin-killed P. acnes; P. acnes, Propioni-
bacterium acnes; TG, triacylglycerol.
Differentiated hamster sebocytes at the third passage were treated every 3
days for 12 days with acnes-CM and F-acnes, which were prepared from
JCM6473 strain at 1� 106 cells in the presence or absence of a CYP
inhibitor, SKF-525A (20 mM). After the treatments, the intracellular TG
levels were measured as described in the text. Data are indicated as
mean±SD in triplicate dishes. **Significantly different from untreated
cells (Control) (Po0.05). # and ##Significantly different from acnes-CM- or
F-acnes-treated cells (Po0.05 and 0.01, respectively).
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Cell culture and treatments
Hamster sebocytes were established from sebaceous glands of auricles

of 5-week-old male golden hamsters, as described earlier (Sato et al.,

2001). Sebocytes (1.8� 105 cells/dish) in DMEM/F12 supplemented

with 6% heat-denatured fetal bovine serum (JRH Bioscience, Tokyo,

Japan), 2% human serum (ICN Biochemicals, Costa Mesa, CA),

0.68 mM L-glutamine (Invitrogen), and recombinant human epidermal

growth factor (10 nM) (Progen Biotechnik GmbH, Heidelberg, Ger-

many) were plated onto 35-mm-diameter culture dishes (Becton

Dickinson, Tokyo, Japan) for 24 hours to achieve complete cell

adhesion. The cells (undifferentiated sebocytes) were treated every 3

days for up to 12 days with acnes-CM, F-acnes (corresponding to

1� 105–107 cells), or vehicle in DMEM/F12 supplemented with heat-

denatured fetal bovine serum, human serum, and L-glutamine. In

addition, when sebocytes were pretreated with insulin (10 nM) (Sigma

Chemical, St Louis, MO) for 7 days, the cells were differentiated to

form intracellular lipid droplets, as described earlier (Iwata et al.,

2005). The differentiated sebocytes were similarly treated with acnes-

CM, F-acnes, or vehicle in the same medium in the presence or

absence of a CYP inhibitor, SKF-525A (20mM) (Sigma Chemical), for 12

days. In this series of experiments, hamster sebocytes were used as far

as the third passage level.

Histochemical analyses

Auricles of 3-week-old male golden hamsters were topically treated

every day for 4 weeks with acnes-CM (corresponding to 1� 106

cells) in 95% ethanol/5% glycerol, or with the same volume of

vehicle. After treatment, the tissues were fixed with 4% paraformal-

dehyde/PBS(�), embedded in paraffin, and then their sections were

subjected to Mayer’s hematoxylin and eosin staining (Wako Pure

Chemicals, Osaka, Japan). After completing the staining, tissue

sections were washed with ethanol and xylene, and then viewed

with a light microscope furnished with a digital camera (Olympus,

Tokyo, Japan). Epidermal thickness in six randomly chosen areas per

section was measured under a light microscope at 100-fold

magnification, as described earlier (Tanaka et al., 2004). The

animals had free access to food and water according to the

Guidelines of Experimental Animal Care issued by the Prime

Minister’s Office of Japan. The experimental protocol was approved

by the Committee of Animal Care and Use of Tokyo University of

Pharmacy and Life Sciences.

Oil Red O staining

Skin samples from auricles of hamsters treated with acnes-CM or

vehicle were snap-frozen in liquid nitrogen, and the frozen tissues

were then sectioned into 8-mm-thick sections, which were in turn

washed in distilled H2O and incubated in 60% isopropanol. The

tissue sections were stained with 0.3% Oil Red O (Sigma Chemical)

in isopropanol/distilled H2O (3:2, vol:vol) at 37 1C for 15 minutes,

and then viewed with a light microscope furnished with a digital

camera (Akimoto et al., 2005). The sections were also counter-

stained with Mayer’s hematoxylin solution (Wako Pure Chemicals).

Relative amounts of the Oil Red O-stained sebum in sebaceous

glands and ducts were quantified from three individual areas per

tissue using an image analysis system, Lumina Vision (Ver. 2.2.2;

Mitani, Fukui, Japan) (Kuwahara et al., 1999; Fan et al., 2001).

Cultured sebocytes were similarly stained with Oil Red O and

Mayer’s hematoxylin solution.

Measurement of intracellular TG
The harvested sebocytes were sonicated at 4 1C, and then levels of

intracellular TG in the cell lysate were measured using Liquitech

TG-II (Roche Diagnostics, Tokyo, Japan) at 590 nm, as described

earlier (Akimoto et al., 2005). The amount of TG was calculated

using an authentic trioleinate-standard solution (0.6 mg ml�1). In

addition, the intracellular DNA content was measured using

authentic salmon sperm DNA (6.25–100mg ml�1) and 3,5-diamino-

benzoic acid dihydrochloride (Sigma Chemical), as described earlier

(Sato et al., 2001).

Measurement of DGAT activity

DGAT activity in hamster sebocytes treated with acnes-CM and

F-acnes was measured using 1,2-dioleoyl glycerol (Cayman Chemi-

cal, Ann Arbor, MI) and [14C]palmitoyl-CoA (Amersham Bios-

ciences, Tokyo, Japan), as described earlier (Iwata et al., 2005).

Enzyme immunoassay for 15d-PGJ2
The levels of 15d-PGJ2 in the harvested culture medium were

measured using enzyme immunoassay kits for 15d-PGJ2 (Assay

Designs, Ann Arbor, MI) according to the manufacturer’s instructions.

Statistical analysis

Data are presented as means±SD, and were analyzed by a one-way

analysis of variance and by the Fisher test for multiple comparisons.

A value of Po0.05 was considered to indicate a statistically

significant difference.

CONFLICT OF INTEREST
The authors state no conflict of interest.

ACKNOWLEDGMENTS
This work was supported by the 5th TUPLS Innovative Research Promotion
Grant. We thank Ms S Tashiro for her technical assistance.

REFERENCES

Akimoto N, Sato T, Iwata C, Koshizuka M, Shibata F, Nagai A et al. (2005)
Expression of perilipin A on the surface of lipid droplets increases along
with the differentiation of hamster sebocytes in vivo and in vitro. J Invest
Dermatol 124:1127–33

Alestas T, Ganceviciene R, Fimmel S, Muller-Decker K, Zouboulis CC (2006)
Enzymes involved in the biosynthesis of leukotriene B4 and prosta-
glandin E2 are active in sebaceous glands. J Mol Med 84:75–87

Basal E, Jain A, Kaushal GP (2004) Antibody response to crude cell lysate of
Propionibacterium acnes and induction of pro-inflammatory cytokines in
patients with acne and normal healthy subjects. J Microbiol 42:
117–25

Bialecka A, Mak M, Biedron R, Bobek M, Kasprowicz A, Marcinkiewicz J
(2005) Different pro-inflammatory and immunogenic potentials of
Propionibacterium acnes and Staphylococcus epidermidis: implications
for chronic inflammatory acne. Arch Immunol Ther Exp 53:79–85

Bojar RA, Holland KT (2004) Acne and Propionibacterium acnes. Clin
Dermatol 22:357–79

Chen Q, Koga T, Uchi H, Hara H, Terao H, Moroi Y et al. (2002)
Propionibacterium acnes-induced IL-8 production may be mediated by
NF-kB activation in human monocytes. J Dermatol Sci 29:97–103

Fan J, Shimoyamada H, Sun H, Marcovina S, Honda K, Watanabe T (2001)
Transgenic rabbits expressing human apolipoprotein(a) develop more
extensive atherosclerotic lesions in response to a cholesterol-rich diet.
Arterioscler Thromb Vasc Biol 21:88–94

Farrar MD, Ingham E (2004) Acne: Inflammation. Clin Dermatol 22:380–4

2118 Journal of Investigative Dermatology (2009), Volume 129

K Iinuma et al.
P. acnes Augments Sebaceous Lipogenesis



Graham GM, Farrar MD, Crusse-Sawyar JE, Holland KT, Ingham E (2004)
Proinflammatory cytokine production by human keratinocytes stimu-
lated with Propionibacterium acnes and P. acnes GroEL. Br J Dermatol
150:421–8

Iwata C, Akimoto N, Sato T, Morokuma Y, Ito A (2005) Augmentation of
lipogenesis by 15-deoxy-D12,14-prostaglandin J2 in hamster sebaceous
glands: Identification of cytochrome P-450-mediated 15-deoxy-D12,14-
prostaglandin J2 production. J Invest Dermatol 125:865–72

Kim J (2005) Review of the innate immune response in acne vulgaris:
activation of Toll-like receptor 2 in acne triggers inflammatory cytokine
responses. Dermatology 211:193–8

Kishishita M, Ushijima T, Ozaki Y, Ito Y (1979) Biotyping of Propionibacter-
ium acnes isolated from normal human facial skin. Appl Environ
Microbiol 38:585–9

Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, Lehmann JM (1995)
A prostaglandin J2 metabolite binds peroxisome proliferator-activated
receptor g and promotes adipocyte differentiation. Cell 83:813–9

Kuwahara M, Sugimoto M, Tsuji S, Miyata S, Yoshioka A (1999) Cytosolic
calcium changes in a process of platelet adhesion and cohesion on a von
Willebrand factor-coated surface under flow conditions. Blood
94:1149–55

Mclnturff JE, Modlin RL, Kim J (2005) The role of Toll-like receptors in the
pathogenesis and treatment of dermatological disease. J Invest Dermatol
125:1–8

Nagy I, Pivarcsi A, Koreck A, Szell M, Urban E, Kemeny L (2005) Distinct
strains of Propionibacterium acnes induce selective human b-defensin-2
and interleukin-8 expression in human keratinocytes through Toll-like
receptors. J Invest Dermatol 124:931–8

Neufang G, Furstenberger G, Heidt M, Marks F, Muller-Decker K (2001)
Abnormal differentiation of epidermis in transgenic mice constitutively
expressing cycooxygenase-2 in skin. Proc Natl Acad Sci USA
98:7629–34

Noble WC, Wade WG (1998) Propionibacterium, Bifidobacterium, Eubacter-
ium and related organisms. In: Microbiology and Microbial Infections.
(Collier L, Balows A, Sussman M, eds). 9th edn, London: Arnold, 519–21

Oeff MK, Seltmann H, Hiroi N, Nastos A, Makrantonaki E, Bornstein SR et al.
(2006) Differential regulation of Toll-like receptor and CD14 pathways

by retinoids and corticosteroids in human sebocytes. Dermatology
213:266

Pawin H, Beylot C, Chivot M, Faure M, Poli F, Revuz J et al. (2004)
Physiopathology of acne vulgaris: recent data, new understanding of the
treatments. Eur J Dermatol 14:4–12

Rosenfield RL, Deplewski D, Kentsis A, Ciletti N (1999) Rat preputial sebocyte
differentiation involves peroxisome proliferator-activated receptors.
J Invest Dermatol 112:226–32

Sato T, Imai N, Akimoto N, Sakiguchi T, Kitamura K, Ito A (2001) Epidermal
growth factor and 1a,25-dihydroxyvitamin D3 suppress lipogenesis in
hamster sebaceous gland cells in vitro. J Invest Dermatol 117:965–70

Scher JU, Pillinger MH (2005) 15d-PGJ2: the anti-inflammatory prostaglandin?
Clin Immunol 114:100–9

Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M, Uchida K (2002)
15-Deoxy-D12,14-prostaglandin J2. a prostaglandin D2 metabolite gener-
ated during inflammatory processes. J Biol Chem 277:10459–66

Smith TM, Cong Z, Gilliland KL, Clawson GA, Thiboutot DM (2006) Insulin-
like growth factor-1 induces lipid production in human SEB-1 sebocytes
via sterol response element-binding protein-1. J Invest Dermatol
126:1226–32

Tanaka S, Sato T, Akimoto N, Yano M, Ito A (2004) Prevention of
UVB-induced photoinflammation and photoaging by a polymethoxy
flavonoid, nobiletin, in human keratinocytes in vivo and in vitro.
Biochem Pharmacol 68:433–9

Trivedi NR, Cong Z, Nelson AM, Albert AJ, Rosamilia LL, Sivarajah S et al.
(2006) Peroxisome proliferator-activated receptors increase human
sebum production. J Invest Dermatol 126:2002–9

Turkish A, Sturley SL (2007) Regulation of triglyceride metabolism. I.
Eukaryotic neutral lipid synthesis: ‘‘Many ways to skin ACAT or a
DGAT’’. Am J Physiol Gastrointest Liver Physiol 292:G953–7

Vowels BR, Yang S, Leyden JJ (1995) Induction of proinflammatory cytokines
by a soluble factor of Propionibacterium acnes: Implications for chronic
inflammatory acne. Infect Immun 63:3158–65

Zouboulis CC (2004) Acne and sebaceous gland function. Clin Dermatol
22:360–6

Zouboulis CC, Eady A, Philopott M, Goldsmith LA, Orfanos C, Cunliffe WC
et al. (2005) What is the pathogenesis of acne? Exp Dermatol 14:143–52

www.jidonline.org 2119

K Iinuma et al.
P. acnes Augments Sebaceous Lipogenesis

http://www.jidonline.org

	Involvement Of Propionibacterium Acnes In The Augmentation Of Lipogenesis In Hamster Sebaceous Glands In™vivo And In™vitro����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	Introduction����������������������������������������������������
	Results�������������������������������������
	Discussion����������������������������������������������
	Materials And Methods�������������������������������������������������������������������������������
	Conflict Of Interest����������������������������������������������������������������������������
	Acknowledgments�������������������������������������������������������������
	Supplementary Material����������������������������������������������������������������������������������
	References����������������������������������������������




