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Abstract Thinning of the dermis is the principal his-
tological change in atrophic skin disorders and aged skin.
It is caused due to a decreased amount of collagen in the
dermis. Macrolides have been reported to exert various
pharmacological activities, including anti-inflammatory
activity, tumor angiogenesis inhibition and growth inhi-
bition of fibroblasts, in addition to antimicrobial activity.
In this study, we investigated the effects of erythromycin
A (EMA) and its new derivative EM201 on type I col-
lagen production by cultured dermal fibroblasts. Dermal
fibroblasts were cultured with 107° M-10"> M EMA or
EM201, and collagen production was measured by
incubation with radioactive proline, SDS-polyacrylamide
gel electrophoresis and fluorography. mRNA levels were
measured by Northern blots analysis, and to investigate
transcriptional levels luciferase assays were also per-
formed. The results showed that both EMA and EM201
increased collagen production and type I collagen mRNA
level (to a maximum of 200% with EMA and 250% with
EM201) in a dose-dependent manner in cultured dermal
fibroblasts. Transcription of the type I collagen gene was
also increased by both macrolides. These results suggest
that EMA and EM201 have the potential to improve the
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Introduction

Type I collagen is the principal component of the col-
lagen fibers in the dermis, and it is produced by fibro-
blasts. Thus, a breakdown in the regulation of type I
collagen expression in fibroblasts causes abnormalities in
the amount of the dermal collagen fibers of the skin.
When expression of type I collagen increases beyond the
normal level, the amount of collagen fibers increases,
resulting in a condition of fibrosis [18, 27]. If the
expression falls below the normal level, on the other
hand, the quantity of collagen fibers decreases, which
causes conditions of atrophic skin disorders and wrinkles
[15, 30]. Consequently, research on the regulation of the
expression of type I collagen is extremely important for
understanding these conditions and the mechanisms of
the diseases that cause them and considering methods to
treat them. Macrolides have been reported to exert var-
ious pharmacological activities, including anti-inflamma-
tory activity [16], tumor angiogenesis inhibition [32],
inhibition of in vitro malignant tumor cells proliferation
[33] and inhibition of the growth of fibroblasts [24], in
addition to antimicrobial activity. In this study, we
investigated the effects of erythromycin A (EMA) and its
new derivative EM201 on type I collagen production by
cultured human dermal fibroblasts and found that these
drugs have activity that increases its production.
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Materials and methods
Reagents

Erythromycin A (EMA) and its new derivative EM201, a
14-membered ring macrolide compound, were synthesized
at Kitasato University (Tokyo, Japan) (Fig. 1). EM201 has
been shown to be almost free of antibacterial activity [34].
The macrolides were dissolved in DMSO and used at a
final concentration of 107°-107> M.

Fibroblast cultures

Skin sample from three healthy donors (a 1-year-old boy,
an 18-year-old man and a 25-year-old woman) undergoing
plastic surgery were obtained after informed consent.
Fibroblast cultures were established from the skin biopsy
specimens by the outgrowth method described previously
[8], and the cell strains obtained were designated N-1M, N-
18M and N-25F, respectively. The cultures were main-
tained in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS), in a CO, incu-
bator at 37°C. The cells were used in each comparative
study at population doubling levels (PDLs) of two to five.

Fibroblast proliferation assay [13]

We inoculated 24-well tissue culture plates with 2 x 10*
fibroblasts per well, and the next day we started culturing
the fibroblasts in DMEM containing 10~°-10~*M EMA or
107°-10*M EM201. We counted the numbers of fibro-
blasts after 24, 48 and 72 h A Burker-Turk hemocytometer
was used to make the cell counts.

Isolation and measurement of newly synthesized
collagen [11]

When the cell layers had become confluent, the cells were
cultured for 48 h at 37°C in DMEM containing 0.2% FBS
and supplemented with macrolides at concentrations of
107°-107> M. They were then incubated with DMEM
containing 5 pCi/ml 2,3-[> H] proline (Amersham) in the
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Fig. 1 Structure of erythromycin A and its new derivative EM201
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presence of 50 pg/ml L-ascorbic acid 2-phosphate for 24 h.
Labeled proteins secreted into the culture medium were
precipitated by the addition of 5% (final concentration)
trichloroacetic acid. The precipitate was dissolved in
0.05 M acetic acid, and after being digested with 0.1%
pepsin was subjected to SDS-PAGE (5% polyacrylamide
gel containing 3.6 M urea). Radioactive bands were
detected by fluorography, and the relative amounts of
collagen were quantified by densitometry.

RNA extraction and Northern blot analysis [14]

Fibroblasts were cultured to confluence in DMEM con-
taining 10% FBS in 100 mm x 20 mm dishes, and then
for 48 h in DMEM containing 0.2% FBS and macrolides at
concentrations of 107°~107> M. Total RNA was isolated
from the fibroblasts by extraction in guanidium isothiocy-
anate, and an aliquot (5 pg per lane) was size-fractionated
by 1% agarose gel electrophoresis and transferred to a
nylon filter. Equal loading was confirmed by staining the
gels with ethidium bromide. The blots were immobilized
by UV cross-linking and prehybridization for 4 h at 42°C
in a solution containing 50% formamide, 10% Denhardt’s
solution, 5x SSC, 20 mM sodium phosphate, 0.1% SDS
and 0.1 mg/ml denatured salmon sperm DNA. The
hybridization was performed at 42°C overnight in the
above solution in the presence of 10% dextran sulfate and
cDNA probes labeled by nick translation with [0-*2P]
dCTP (Amersham, England). The human cDNA probes
used for the Northern hybridization: were o1(I) collagen
[4] and glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) [2]. The filter was washed in solutions of
decreasing ionic strength and increasing temperature, and
the final stringency of the washes was 0.1x SSC, 0.1%
SDS at 65°C. Kodak X Omat film was then exposed to the
filters for various periods of time, and the radioactivity was
quantified by scanning the bands with a densitometer. To
probe the membrane again, the membrane was washed in
sterile water at room temperature, equilibrated in 2x SSC
for 5 min, and then incubated in 0.1% SDS, 0.1 x SSC at
95°C for 10 min to remove the preceding probe.

DNA constructs

Plasmid p2.3COL1AILuc contains the human COL1A1
promoter region, encompassing —2.3 kb to +42 bp, fused
to the luciferase gene. A Sac I- Kpn I fragment of the
—2.3 kb to +42 bp region of the a(I) collagen gene from
p2.3 Ka(I)CAT [23] was subcloned into the Sac I- Kpn I
sites of pGEM7(+) (Promega), excised as a Sac I-Xho I
fragment and subcloned into the Sac I-Xho I sites of pGL2-
Basic (Promega) [17]. The CMV immediate early enhancer
promoter renilla luciferase construct (phRL-CMV Vector,
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Promega) was used as an internal control to correct for
variations in transfection efficiency between the samples.

Transient transfection and luciferase assay

A total of 5 x 10° cells were plated in 6-well tissue culture
plates and cultured as described above. After 2 days, the
culture medium was changed to DMEM containing 1%
FBS with or without the macrolides, and the transfections
were performed by using the FuGene 6 kit (Roche Applied
Science) as described previously [29]. The cells were co-
transfected with 1.0 pg of the human COL1A1 promoter
fused to the luciferase gene and 20 ng of phRL-CMV
vector. After 48 h later, the cells were harvested, and
lysates were prepared using the passive lysis buffer (Pro-
mega). Luciferase activity in equal aliquots was deter-
mined with the Dual Luciferase Reporter Assay System
(Promega) and a luminometer. All experiments were per-
formed in triplicate and repeated at least three times.

Statistical analysis

The data were expressed as means £ standard error of the
mean (SEM). The significance of the differences between
the untreated (control) and treated cells was determined by
Student’s ¢ test. P values less than 0.05 were considered to
be significant.

Results

Effect of erythromycin A (EMA) and EM201 on cell
growth activity

To determine whether EMA and EM201 have effects on
cell growth activity of fibroblasts, first, we cultured the
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Fig. 2 Effect of erythromycin A (EMA) and EM201 on the growth of
cultured dermal fibroblasts. N-18M and N-25F fibroblast strains were
examined. The data from N-18M are shown. The cell growth curve
was determined by inoculating 2 x 10* fibroblasts onto 24-well tissue

cells with the drugs and analyzed their growth curves. At
the 10~* M concentration of EMA, floating and dying cells
began to be observed the day after the drug was added, and
after 72 h the number of cells had fallen to approximately
68% of the number of control cells. When cultured at
107°-10° M EMA, the growth curves of the fibroblasts
were almost the same as the curves of the controls at every
concentration (Fig. 2a). At the 10~* M concentration of
EM201 as well, floating and dying cells began to be seen
the day after addition of the drug, and after 72 h the
number of cells had fallen to approximately 75% of the
number of control cells. When cultured at 107°-107> M
EM201, the growth curves of the fibroblasts were almost
the same as the curves of the controls at every concentra-
tion (Fig. 2b). No effect of EMA or EM201 on fibroblast
growth was observed at 107°-107° M, and the 1074 M
concentration was concluded to be the toxic dose of both
drugs. Two cell strains (N-18M, and N-25F) were used for
these experiments. Results from the two strains were
similar.

Effects of erythromycin A (EMA) and EM201 on type I
collagen production

Since EMA and EM201 had been shown not to affect the
growth of fibroblasts, next, we investigated their effect on
type I collagen production by dermal fibroblasts. The level
of synthesized type I collagen in the culture medium
increased in a dose-dependent manner following the addi-
tion of EMA at concentrations in the 1072 M-10"° M
range to the fibroblast cultures (Fig. 3a). Densitometric
measurements also showed a dose-dependent increase in
the production of type I collagen, and the maximal increase
in the level of both the «1 and o2 chains of type I collagen
reached 170% of the level in the control in the presence of
the 1077 M concentration of EMA (Fig. 3b, c). The level
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culture plates and adding EMA (a) or EM201 (b). The number of cells
was counted 24, 48 and 72 h after the start of incubation with the
macrolides
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Fig. 3 Effect of erythromycin A (EMA) on production of type I
collagen by cultured dermal fibroblasts. N-18M and N-25F fibroblast
strains were examined. The cells were incubated for 48 h at 37°C in
DMEM containing 0.2% FBS, supplemented with 107°-107> M
concentrations of EMA and then cultured for 24 h in DMEM
containing 5 pCi/ml 2,3-[*H] proline (Amersham) in the presence of
50 pg/ml L-ascorbic acid 2-phosphate. Labeled proteins secreted into
the culture medium were precipitated, and after dissolving in 0.05 M
acetic acid and digesting with pepsin, these were subjected to SDS-
PAGE (5% polyacrylamide gel containing 3.6 M urea). Radioactive

of synthesized type I collagen in the culture medium also
increased in a dose-dependent manner following the addi-
tion of EM201 at concentrations in the 10™°~107® M range
to the fibroblasts cultures (Fig. 4a). Densitometric mea-
surements showed an increase in the production of type I
collagen in a dose-dependent manner, and the maximal
increase in the level of both the 1 and o2 chains of type I
collagen was approximately 230% of their levels in the
control in the presence of the 10~’ M concentration of
EM201 (Fig. 4b, c).

Effects of erythromycin A (EMA) and EM201 on type [
collagen mRNA levels

Since EMA and EM201 were both shown to increase type [
collagen production by fibroblasts, next, we investigated
the mRNA levels in order to identify the step in collagen
expression at which it was increased. The results of the
Northern blot analyses revealed that the addition of EMA
in the 107°~107® M concentration range up-regulated the
expression of al (I) collagen mRNA in a dose-dependent
manner (Fig. 5a). Densitometric measurements and
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bands were detected by fluorography and the relative amounts of
collagen were quantified by densitometry and corrected for cell
number. The fluorography of the culture from N-18M fibroblast strain
is shown (a). The results of densitometry scanning of the «1 (b) and
o2 (c) chains of type I collagen from cultures treated with EMA are
expressed as percentages of the values in untreated control cultures.
Values shown are means = SEM of triplicate determination in each
experiments. P < 0.05 versus untreated controls. P < 0.01 versus
untreated controls

digitization of the results with correction for GAPDH
values also showed a dose-dependent increase in the levels
of al (I) collagen mRNA expression, and the expression
level increased to a maximum of 150% of the level in the
control in the presence of the 107® M concentration of
EMA (Fig. 5b). The results of the Northern blot analyses
revealed that the addition of EM201 in the 107°-107° M
concentration range up-regulated the expression of ol (I)
collagen mRNA in a dose-dependent manner (Fig. 5c).
Densitometric measurements and digitization of the results
with correction for GAPDH values also showed a dose-
dependent increase in the ol (I) collagen mRNA expres-
sion level, and the expression level increased to a
maximum of 250% of the level of expression in the
controls in the presence of the 107° M concentration of
EM201 (Fig. 5d).

Effects of erythromycin A (EMA) and EM201
on the al (I) collagen gene (COLIAT) promoter activity

It was shown that the increases in type I collagen pro-
duction by both EMA and EM201 caused by the amounts
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Fig. 4 Effect of EM201 on type I collagen production by cultured
dermal fibroblasts. N-18M and N-25F fibroblast strains were exam-
ined. The cells were incubated for 24 h at 37°C in DMEM containing
0.2% FBS, supplemented with 107-107> M of EM?201. The
fluorography was performed as described in Fig. 3. The fluorography
of the culture from N-25F fibroblast strain is shown (a). The results of

of type I collagen mRNA to increase to almost the same
level. Therefore, we investigated whether the increases
occurred at the ol (I) collagen gene (COL1Al) transcrip-
tion level.

Following the addition of 10~ and 10~ M EMA to the
fibroblast cultures, the transcription activity of a1 (I) col-
lagen increased significantly to 170 and 200%, respec-
tively, of the activity in the control cells, as determined by
the luciferase assay using the human COL1A1 promoter-
reporter gene construct containing 2.3 kb of the 5’ flanking
sequences of COL1A1 [17] fused to the luciferase gene
(Fig. 6a). Following the addition of 1077 and 107°M
EM201 to the fibroblast cultures, «1 (I) collagen tran-
scription activity increased significantly to 150 and 300%,
respectively, of the activity in the control cells (Fig. 6b).

Discussion
Macrolides have been reported to exert various pharma-

cological and antimicrobial activities, including anti-
inflammatory activities [16], immuno-modulation of

densitometry scanning of the ol (b) and «2 (c) chains of type I
collagen from cultures treated with EM201 are expressed as
percentages of the values in the untreated control cultures. Values
shown are means + SEM of triplicate determination in each exper-
iments. "P < 0.05 versus untreated controls. ~ P < 0.01 versus
untreated controls

keratinocytes [20] and inhibition of the following: tumor
angiogenesis [32], the expression of vascular endothelial
growth factor (VEGF) [1], the in vitro proliferation of
malignant tumor cells [33], and the growth of fibroblasts
[24]. In addition, the erythromycin derivative EM703 has
been recently shown to inhibit the development of bleo-
mycin-induced pulmonary fibrosis in the mouse [22] and to
inhibit type I collagen production by cultured dermal
fibroblasts [17]. In the present study, we investigated the
effect of EMA and its new derivative EM201 on type I
collagen production by cultured dermal fibroblasts. As a
result, we found that EMA and its derivative EM201 have
activity that increases the expression of type I collagen by
cultured normal human dermal fibroblasts. Various factors
controlling collagen production from fibroblasts are widely
recognized. It is known that the expression of the type I
collagen gene is inhibited when fibroblasts are exposed to
TNF-« [31], IFN-y [5], EGF [21], glucocorticoids [10], or
transformed with viruses [28] or chemicals such as TPA
[12]. On the other hand, expression of the type I collagen
gene is induced when fibroblasts are exposed to ascorbic
acid [9], TGF-p [25, 26], IL-6 [6] and also to hypoxia [7].
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Fig. 5 Effect of erythromycin A (EMA) or EM201 on type I collagen
mRNA levels in cultured dermal fibroblasts. N-18M and N-25F
fibroblast strains were examined. Fibroblasts were cultured for 48 h in
DMEM containing 0.2% FBS and 10~°~107> M concentrations of
EMA, and after isolating the total RNA from the fibroblasts by
extraction in guanidium isothiocyanate, Northern blot analyses were
performed. a The Northern blot of the culture from N-18M fibroblast
strain is shown. b Results of densitometry scanning of «;(I) collagen
m-RNA from cells treated with EMA are expressed as a percentage of
the value for untreated cells. The quantity of o(I) collagen m-RNA
was normalized to the quantity of GAPDH m-RNA. Values shown are
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Fig. 6 Effect of erythromycin A (EMA) and EM201 on «l (I)
collagen gene (COL1A1l) promoter activity in cultured dermal
fibroblasts. N-1M fibroblast strain was examined. A total of
5 x 10° cells were plated in 6-well tissue culture plates. Two days
later, the culture medium was changed to DMEM containing 0.2%
FBS with or without the macrolides, and the transfections were
performed. The cells were co-transfected with 1.0 pg of the human
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untreated controls. Then, fibroblasts were cultured with 107°-
10™> M concentrations of EM201 for 48 h, and after isolating the
total RNA, Northern blot analyses were performed as described
above. ¢ The Northern blot of the culture from N-25F fibroblast strain
is shown. d The results of densitometry scanning of «;(I) collagen m-
RNA from cells treated with EM201 are expressed as described in (b).
Values shown are means = SEM of three independent experiments
by each fibroblast strains. “P < 0.05 versus untreated controls
P < 0.01 versus untreated controls
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COL1AL1 promoter fused to the luciferase gene (p2.3COL1A1Luc)
and 20 ng of phRL-CMYV vector. After 48 h, the cells were harvested.
Lysates were prepared, and luciferase activity was determined. All
experiments were performed in triplicate and repeated at least three
times. a Cultures with EMA (1077, 107° M) b Cultures with EM201
(1077, 107*M). “P < 0.05 versus untreated controls. P < 0.01
versus untreated controls
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In this study, EMA increased a1 (I) and 2 (I) collagen
production by a maximum of approximately 1.7-fold, and it
increased the mRNA level of ol (I) collagen by a maxi-
mum of approximately 1.5-fold. It was also found to have
efficacy that increased the transcription level of al (I)
collagen by a maximum of twofold. On the other hand, the
effect of its new derivative, EM201, in increasing expres-
sion was more potent. At the protein level, it increased the
production of a1 (I) and o2 (I) collagen by a maximum of
2.2-fold, and at the mRNA level it increased a1 (I) collagen
mRNA level by a maximum of approximately 2.5-fold. It
also increased the production at the transcription level by a
maximum of approximately threefold. Based on these
results, it appears that regulation of the increase in type I
collagen production by both EMA and EM201 is achieved
almost entirely at the transcription level, and there appears
to be a little increase as a result of an effect on mRNA
stability or translation. EMA and EM201 increased type I
collagen production and gene expression in a concentra-
tion-dependent manner, from 10° to 107" M or 10~° to
107% M. At higher concentrations of 10%or 107 M, the
rate of increase by both declined. At these concentrations,
EMA and EM201 did not affect cell growth capacity, and
these concentrations were not toxic doses (Fig. 2). These
findings suggest that the peak concentrations of EMA and
EM201 that activate expression of the type I collagen gene
lies between 107 and 107° M.

We added EMA and EM201 to the cultured fibroblasts,
incubated them, and examined their effect on the ability to
produce collagen. In this study, we used a serum concen-
tration of 0.2%, selected because the activity that increased
collagen production was clearly shown at 0.2% than when
we added reagents under 10 and 1% serum conditions in a
preliminary experiment (data not shown). Efficacy was not
observed when the fibroblasts were cultured under high
serum concentrations, because the serum activates collagen
production [3] and the values were masked by it.

In terms of clinical significance, the maximal blood
concentration of a single 200 mg tablet of erythromycin
administered orally was approximately 1 x 107®M in
general clinical practice (Abbott Japan, company data).
The fact that the concentration of EMA that significantly
increased collagen production in this study was at least
107® M or less and that EM201 also significantly increased
collagen production at least at 107° M or less mean that in
the future, it may be possible to use them as drugs to treat
atrophic skin diseases or wrinkles, in which the fiber
component of skin is decreased.

In this study, we investigated the effects of erythromy-
cin A (EMA) and its new derivative EM201 on type I
collagen production by cultured dermal fibroblasts. Colla-
gen fiber is constructed with not only type I collagen as the
principal component, but also other types of collagens such

as types III, V and VI collagen. It is known that the
expression of types I and III collagen is regulated in a
parallel manner in most cases, whereas type VI collagen is
regulated independently from types I and III collagen in
some events [19]. To get a better understanding of the role
of both macrolides on the regulation of the amount of
collagen fibers in the dermis, we would like to investigate
the effects of both macrolides on the production of other
types of dermal collagen in further experiment. Further
studies also have to show the beneficial effects of the
macrolides in more complex culture systems, such as three-
dimensional gel, artificial skin or skin explant cultures.
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