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Introduction

In this work, the anti-aging skin effects of bacteriochlorophyll a isolated from Rhodobacter
sphaeroides are first reported, with notably low cytotoxicity in the range of 1% to 14% in adding
0.00078 (% (w/w)) of the extracts, compared with the normal growth of both human dermal
fibroblast and keratinocyte cells without any treatment as a control. The highest production of
procollagen from human fibroblast cells (CCD-986sk) was observed as 221.7 ng/ml with 0.001
(% (w/w)) of bacteriochlorophyll a, whereas 150 and 200 ng/ml of procollagen production
resulted from addition of 0.001 (% (w/w)) of the photosynthetic bacteria. The bacteriochlorophyll-
a-induced TNF-a production increased to 63.8%, which was lower secretion from HaCaT cells
than that from addition of 0.00005 (% (w/w)) of bacteriochlorophyll a. Additionally,
bacteriochlorophyll a upregulated the expression of genes related to skin anti-aging (i.e.,
keratin 10, involucrin, transglutaminase-1, and MMPs), by up to 4-15 times those of the
control. However, crude extracts from R. sphaeroides did not enhance the expression level of
these genes. Bacteriochlorophyll 2 showed higher antioxidant activity of 63.8% in DPPH free
radical scavenging than those of water, ethanol, and 70% ethanol extracts (14.0%, 57.2%, and
12.6%, respectively). It was also shown that the high antioxidant activity could be attributed to
the skin anti-aging effect of bacteriochlorophyll 4, although R. sphaeroides itself would not
exhibit significant anti-aging activities.
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because the bacterial bodies are rich in nutrients, they are
used as feed additives in the livestock industry to show

Photosynthetic bacteria are photosynthesizing phototrophs
that are distributed in various land and ocean environments.
Photosynthetic bacteria are also gram-negative bacilli.
Among this group, Rhodobacter sphaeroides are non-sulfur
purple photosynthetic bacteria that photosynthesize under
microaerophilic conditions without generating oxygen [1].
Together with Rhodobacter capsulatus, Rhodobacter sphaeroides
are thus far the most extensively studied among the
photosynthetic bacteria. Photosynthetic bacteria convert
CO, into organic substances, generate hydrogen from organic
waste resources (for effective treatment of wastewater), are
effectively utilized in environmental cleanup, and are
studied in the area of alternative energy. In addition,

such effects as prevention of infectious livestock diseases
due to drinking water and reduction of bad odors from
excrement [17]. In the area of agriculture, these bacteria are
used to increase the yields of agricultural products, enhance
their quality (sugar contents and aromas), improve soil,
and leverage antibacterial and antiviral effects against
plant pathogenic bacteria and pathogenic viruses.

Skin aging includes endogenous aging that occurs
naturally over time and photo-aging that occurs from the
effects of ultraviolet rays [20]. Aging is primarily expressed
by the occurrence of skin wrinkles, and skin wrinkles are
greatly affected by decreases in collagen, which is a protein
that maintains elasticity. As a leading cause of collagen
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decrease, active oxygen is generated when ultraviolet rays
infiltrate the skin, and active oxygen causes not only skin
aging but also inflammation, cell death, and cancers in the
skin [25]. In particular, active oxygen induces the generation
of collagenase MMP (matrix metalloproteinase) and promotes
collagen decomposition that results in a decrease in skin
elasticity [26].

In addition to the areas studied thus far and based on the
function of photosynthetic bacteria as electron donors, this
study attempted to identify for the first time the value of
photosynthetic bacteria and most photosynthetic bacteria
that contain pigments, mainly known as bacteriochlorophyll a
that primarily works for converting light energy into
chemical energy within the cells. Several biological activities
of bacteriochlorophyll a, such as phospholipid transfer
activity and NADH oxidase activity, were also found
elsewhere [6, 23, 28]. To this end, this study identified the
photosynthetic bacteria’s antioxidant activity according to
extracts and the resultant anti-skin aging activity and
measured the activity of the bacteriochlorophyll 4 pigment,
which also showed the redox effects, and the ability of
photosynthetic bacteria to reduce DPPH free radicals.

Materials and Methods

Sample Preparation

Photosynthetic bacteria were used Rhodobacter sphaeroides EBN-
BL6 supported from Doosan ecobiznet (Chuncheon, Korea). For
mass culture of the photosynthetic bacteria Rhodobacter sphaeroides,
a pure high-concentration culture was implemented using a
700 L fermenter. The initial working volume was 480 L,and a 12 L
(2.5% (v/v)) volume of an activated flask culture medium was
inoculated and cultured for 4 days. For the culture, the temperature
was set at 30°C under light conditions controlled by halogen
lamps. The agitation speed and the amount of aeration were
flexibly adjusted according to the growth rates, and the pH was
maintained at a constant value of 6.80 using acetic acid. For high-
concentration culture of Rhodobacter sphaeroides, additional media
were added on the third day of culture. After culture, the cells of
photosynthetic bacteria were crushed by heat treatment and
ultrasonication and subsequently extracted for 12 h at 60°C using
distilled water, ethanol, and a 70% ethanol solvent. The extracted
liquid was filtered and vacuum dried for 72h in a lyophilizer
(PVTFA 10AT; ILSHINBioBase, Dongducheon, Korea) to obtain a
powder. The powder obtained from drying was dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA)
and used in the experiments. In the case of bacteriochlorophyll 4,
the photosynthetic bacteria culture solution was subjected to
centrifugation for 10 min at 6,000 rpm and the supernatant was
removed. The photosynthetic microorganism pellet that remained
after removal of the supernatant was collected, and the cells in the
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pellet were crushed using a sonicator with a 25 mm solid probe
for 10 min; the sonicator was operated for 5 sec at a frequency of
20 kHz and an amplitude of 25% and halted for 2 sec before
repetition. The crushed cells were reacted for 30 min using a
solvent consisting of methyl alcohol:acetone = 7:2 under light
blocking. After reaction, the crushed cells of the photosynthetic
microorganisms were subjected to centrifugation for 10 min at
12,000 rpm (Supra 25K, Korea), and the supernatant was collected.
Experiments were conducted with the collected supernatant [14].

Cells and Reagents

The human dermal fibroblasts used for toxicity evaluation were
CCD-986sk cells purchased from the Korea Cell Line Bank (KCLB,
Seoul, Korea) in a frozen state. HaCaT cells were also purchased
from the Korea Cell Line Bank. The purchased cells were cultured
in DMEM supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA) under 37°C, 5% CO, prior to use.

Measurement of Cytotoxicity Against Human Skin Cells

Cell cytotoxicity was estimated by adding the extracts of
photosynthetic bacteria and their pigment, bacteriochlorophyll 4,
into both human skin fibroblast cells (CCD-986) and keratinocytes
(HaCaT) as follows: First, the cells were injected into a 96-well
plate at a concentration of 7.0 x 10° cells/ml and cultured for 24 h
in an incubator under 5% CO,, 37°C conditions. The medium was
removed after 24h and 200 ul of each of the extract and
bacteriochlorophyll a at different concentrations was injected into
the 96-well plate and cultured for another 24 h under the same
conditions. The treated cells were removed 24 h later, and then 3-
(4,5-dimethythiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
solution (Sigma-Aldrich, USA) at a concentration of 0.33 g/1 was
added to the 96-well plate. The plate was left unattended for
90 min in a 37°C darkroom. The MTT solution was removed after
the 90 min, and the 96-well plate was washed two times with PBS
[22]. After washing, 100 pl of DMSO was injected and allowed to
react for 30 min, and the optical density was measured using a
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA)
at a wavelength of 570 nm to evaluate the cytotoxicity. The
cytotoxicity was calculated as the ratio of the cytotoxicity of the
experimental groups to that of an untreated group, as shown in
the following equation [15].

Sample group )xlOO 1)

CytOtOXiCity (0/0) = (1 _Lmdgroup

where, Sample group is viable cell numbers/ml after adding the
extracts into the cell cultures, and Untreated group is viable cell
numbers/ml without adding any sample as a control.

Measurement of Skin Irritation by Artificial Skin Test

Skin irritation was tested using a 3D tissue model of artificial
skin (EPI-200; Mattek Corporation, Ashland, MA, USA). The test
was conducted using the same protocol as the MTT assay used in
the cytotoxicity evaluation, and the resultant values were shown



in terms of cell viability (%). The No treatment group’s cell
viability reached 100%, and samples were compared with the
notreatment group to indicate the cell viability of each sample
using the relevant ratio [22].

Production of Procollagen from Human Skin Fibroblast Cells

To investigate the wrinkle improvement effects of photosynthetic
bacteria and bacteriochlorophyll 2, we measured the generation of
procollagen, which is a precursor of collagen, a skin elasticity
maintenance protein. Skin fibroblasts CCD-986sk were inoculated
into a 6-well plate at a concentration of 2 x 10° cell/ml and
cultivated for 24 h. Thereafter, the medium was removed, and the
cells were treated with serum-free medium and left to starve for
24 h. After 24 h, the serum-free medium was removed, and the 6-
well plate was washed with PBS and irradiated by UV at a
wavelength of 312 nm at a rate of 12.5 m]. Next, the samples were
treated with phenol-red-free DMEM at different concentrations
and additionally cultured for 48 h. A group treated with ascorbic
acid (50 uM) was used as a positive control, a UV(+) group was
used as a negative control, and a group treated with medium only
was used as an additional control, and the results from the
samples were compared with results from the controls. After 48 h
of culture, the medium and cell lysate were separately collected.
An RIPA buffer mixed with a protease inhibitor was placed into
each well on ice, and cell lysate was collected using a cell scraper.
The cell lysate was subjected to centrifugation for 10 min at
14,000 rpm, the supernatant was collected, and the amount of
proteins was corrected using the Bradford assay.

The amount of collagen in the collected medium was measured
using a Procollagen Type-I C-Peptide (PIP) EIA kit (Takara Bio,
Otsu, Japan). Antibody-POD conjugate solution in the amount of
100 pul was added to each well, 20 ul of each of the sample or
standard was added into each well, and the contents were mixed
well and left unattended for 3 h at 37°C. When the reactions had
completed, the contents were removed, and the well plate was
washed four times with 400 pl of PBS. After removal, 100 pl of the
substrate solution was added to each well, and the well plate was
held at room temperature for 15 min for reaction of the solutions.
Next, 100 pl of the stop solution was added and gently mixed with
the solution. The optical density was measured at a wavelength of
450 nm, and the amount of collagen was calculated using the
standard curve.

Measurement of Tumor Necrosis Factor-Alpha (TNF-o) production

To evaluate the wrinkle-improvement effects of the photosynthetic
bacteria and pigment substance, experiments were conducted to
evaluate TNF-a generation. The amounts of TNF-o generated
were assessed via quantitative measurement of TNF-a. The
quantity of TNF-a. was measured using a TNF-a kit (Invitrogen,
Waltham, MA, USA). HaCaT cells at a concentration of 1.0 x 10°
cells/ml were inoculated into a 12-well plate and cultured for
24 h. Next, with the intent to induce TNF-a, the samples were
treated with the medium at different concentrations together with

Skin Anti-Aging Activities of Photosynthetic Bacteria 1591

UV irradiation and additionally cultured for 24 h. A group that
did not receive UV and a group treated with UV and with 1 uM of
dexamethasone were used as controls for comparison with the
results of the samples.

Measurement of Skin-Aging-Related Gene Expression Levels

Human fibroblast cell line CCD-986sk and human keratinocyte
cell line HaCaT were prepared at a concentration of 2 x 10° and
injected into a 12-well plate. The cell lines were cultured with 10%
FBS and DMEM high-glucose media, the media was replaced with
the same media with 1% FBS, and the cell lines were treated with
photosynthetic bacteria samples. After 12 h of treatment, the total
RNA was separated using TRIzol reagent (Invitrogen), and cDNA
was synthesized using 2 pg of the separated RNA, random
primer, and a PrimeScript 1st strand cDNA Synthesis Kit (Takara
Bio). Using SYBR Green Realtime PCR Master Mix and a AB7500
real-time PCR machine, the expression levels of cell-differentiation-
related genes in the synthesized cDNA were examined. The
relevant primers are described in Table 1. Gene amplification
conditions used in the examination were 30 sec at 94°C, 30 sec at
61°C, and 30 sec at 72°C [3, 7, 24, 27].

Measurement of o,a-Diphenyl-p-Picrylhydrazyl Free Radical
Scavenging Activity

A DPPH (o,0-diphenyl-B-picrylhydrazyl) free-radical scavenging
activity experiment was conducted using Dietz’s method [5]. The
prepared photosynthetic bacteria sample (150 ul) was injected into
a 96-well plate at a certain concentration and mixed with a 0.2 mM
DPPH solution (150 pl) in methanol as a solvent. The mixture was
held at room temperature for 30 min in the dark to allow the
solutions to react, and the optical density was measured at a
wavelength of 570 nm. Assuming the optical density value of the
positive control ascorbic acid as 100%, the ratios of the measured
optical density values relative to the foregoing value were shown
in %.

Statistical Analysis

All experimental data were statistically processed three times
by two-way ANOVA using the SAS (Statistical Analysis System)
program. The minimum difference in significance levels in the
processing interval was set to p < 0.05.

Results

Measurement of Cytotoxicity Against Human Skin Cells
The cell cytoxicity of the samples against human skin
fibroblasts (CCD-986sk cells) and keratinocytes (HaCaT
cells) is shown in Fig. 1. The cytotoxicity of the extracts
from photosynthetic bacteria were from 1% to 14% for all
the ranges of the sample concentrations, which tells that the
cytotoxicity of all of the extracts should be less than 14%.
However, for the case of the pigment, bacteriochlorophyll a,
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Table 1. List of RT-PCR primers related to skin-aging genes.

Gene Direction Primer sequence
Keratin 10 Forward hKRT10-F GGTGGGAGTTATGGAGGCAG
Reverse hKRT10-R CGAACTTTGTCCAAGTAGGAAGC
Involucrin Forward hIVL-F TCCTCCAGTCAATACCCATCAG
Reverse hIVL-R CAGCAGTCATGTGCTTITTICCT
Transglutaminase-1 Forward hTGM1-F CATCAAGAATGGCCTGGTCT
Reverse hTGM1-R CAATCTTGAAGCTGCCATCA
Laminin 5 Forward hLAMAS-F CCCACCGAGGACCTTTACTG
Reverse hLAMAS5-R GGTGTGCCTTGTITGCTGTT
MMP1 Forward hMMP1-F CAACTCTGGAGTAATGTCACACC
Reverse hMMP1-R TGTTGGTCCACCTTTCATCTTC
MMP2 Forward hMMP2-F GATACCCCTTTGACGGTAAGGA
Reverse hMMP2-R CCTTCTCCCAAGGTCCATAGC
MMP3 Forward hMMP3-F CTGGACTCCGACACTCTGGA
Reverse hMMP3-R CCAGGAAAGGTTCTGAAGTGACC
MMP7 Forward hMMP7-F GAGTGAGCTACAGTGGGAACA
Reverse hMMP7-R CTATGACGCGGGAGTTTAACAT
MMP8 Forward hMMP8-F TGCTCTTACTCCATGTGCAGA
Reverse hMMP8-R TCCAGGTAGTCCTGAACAGTTT
MMP9 Forward hMMP9-F TGTACCGCTATGGTTACACTCG
Reverse hMMP9-R GGCAGGGACAGTTGCTTCT
Filaggrin Forward hFilaggrin-F GGACAGGAACAATCATCGGGG
Reverse hFilaggrin-R CAACCTCTCGGAGTCGTICTG
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Fig. 1. Comparison of cell cytotoxicity against human skin cells at various concentrations of extracts of Rhodobacter sphaeroides and

bacteriochlorophyll a.

Mean values + SD from triplicate separate experiments are shown. Means with a different letter (A—D) within the same sample are significantly

different at p < 0.05 and means with a different letter (a—d) within the same concentration are significantly different at p < 0.05.
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cytotoxicity values ranged from 14% up to 27% indicating
that bacteriochlorophyll 2 had somewhat high cytotoxicity
in the range of 14% to 27% at 0.00078 (% (w/w)) of the
highest concentration. The cytotoxicity of Smilax china, a
natural herb that has been known to have antiwrinkle
activities, was also reported as 5~30% [18], and thus
the ca. 27% cytotoxicity of bacteriochlorophyll a at the
highest concentration seemed to be acceptable for further
experiments.

Observation of Skin Irritation of the Samples by Using
Artificial Skins

After the evaluation of cell toxicity, to test possible
hazards to human bodies, skin irritation was assessed
using a 3D artificial skin model, EPI-300. As shown in
Fig. 2, for the control, the cell viability of the no-treatment
group treated with DPBS was assumed as 100%, and the
cell viability after adding the samples dissolved by DMSO
was estimated only as 36.4%. In considering the skin
irritation of the sample when the cell viability was lower
than 50%, for examining the skin irritation, the irritant was
determined based on the viability of 50%. Except for the 70%
EtOH extract, photosynthetic bacteria and bacteriochlorophyll
a showed no skin irritation, which is close to water [12]. In
addition, bacteriochlorophyll 4 and photosynthetic bacteria
extracted using different solvents showed higher cell
viabilities than that of DMSQO, indicating that most samples
are minimally irritating. Therefore, the hazards of
photosynthetic bacterial samples to human skin were
judged to be insignificant. Accordingly, the application of
photosynthetic bacteria as a material for relieving skin

120.0 @0.02 (%,w/w)

100.0 L

o 0
o o
[S) S}

Cell viability (%)

N
o
o

20.0

0.0 £

NC(DPBS) PC(5%SDS) DMSO

Skin Anti-Aging Activities of Photosynthetic Bacteria 1593

aging is deemed not problematic.

Production of Procollagen and TNF-a from Human Skin
Fibroblast Cells

The value of the photosynthetic bacteria extracts and
bacteriochlorophyll 4 as materials for improvement of
wrinkles due to aging was evaluated by investigating the
generation of procollagen, a precursor of collagen and an
important protein for maintenance of skin elasticity. The
results are shown in Fig. 3. Compared with the no-
treatment group treated with UV only, collagen generation
of the experimental groups was generally increased. In the
case of photosynthetic bacteria extracts, the quantity of
generated collagen was in the range of 150-200 ng/ml.
Collagen generation was not concentration dependent, and
most extracts did not show significant differences from
each other. In the case of bacteriochlorophyll g, larger
values were identified, up to 220 ng/ml, indicating better
wrinkle improvement effects than the other photosynthetic
bacteria extracts. Because the relevant values are larger
than those of aronia (which has been studied and reported
relative to wrinkle improvement, because aronia showed
collagen quantities in a range of 70-150 ng/ml at similar
concentrations), the effects of bacteriochlorophyll a are
considered to be higher [16].

To evaluate and compare the effects of photosynthetic
Rhodobacter sphaeroides solvent extracts and bacteriochlorophyll
a on TNF-a (which affects increases in collagenase generation)
[2, 21], TNF-o secretion rates were investigated (Fig. 4).
The TNF-a secretion rate of UV-irradiated but otherwise
untreated cells was assumed as 100%. All samples were UV

00.1 (%,w/w) 0.5 (%,w/w)

Bacterio H20 EtOH
chlorophyll a

70% EtOH

Sample

Fig. 2. Observation of skin cell irritation by the extracts of Rhodobacter sphaeroides and bacteriochlorophyll a.
Mean values + SD from triplicate separate experiments are shown. Means with a different letter (A—C) within the same sample are significantly

different at p < 0.05, and likewise means with a different letter (a—d) within the same concentration.
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Fig. 3. Comparison of procollagen production from human fibroblast cell CCD-986sk after adding the extracts of R. sphaeroides and

bacteriochlorophyll a.

Mean values + SD from triplicate separate experiments are shown. Means with a different letter (A—C) within the same sample are significantly
different at p < 0.05 and means with a different letter (a—d) within the same concentration are significantly different at p < 0.05.

irradiated before treatment with other substances. When
the bacteria were treated with the positive control
dexamethasone after UV irradiation, a TNF-a secretion rate
of 59.2% was observed. Although the TNF-a secretion rates
of photosynthetic bacteria samples from extraction solvent
exceeded 100% in most cases, a TNF-o secretion rate of
67.6% was identified in the case of 100% ethanol extracts,
2000 [0.0000004 (%,w/w)
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and a TNF-a secretion rate of 82.3% was identified in the
case of 70% ethanol extracts. However, the range of increase/
decrease according to concentration was quite large. The
TNF-a secretion rates of single-pigment bacteriochlorophyll
a concentrations decreased in a concentration-dependent
manner, and a secretion rate of 63.8% was identified at the
highest concentration, indicating effects close to those of

0.00001 (%w/w)

£0.00005 (%,w/w)

Bacterio

chlorophyll a

Sample

Fig. 4. The secretion of TNF-a from HaCaT cells after adding the extracts of R. sphaeroides and bacteriochlorophyll a.
Mean values + SD from triplicate separate experiments are shown. Meana with a different letter (A—D) within the same sample are significantly
different at p < 0.05 and means with a different letter (a—d) within the same concentration are significantly different at p < 0.05.
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dexamethasone (positive control). When the above-
mentioned results were compared with those of previous
studies on Angelica gigas water extracts that reported TNF-o
reduction effects, the superiority of the TNF-a reduction
effects of photosynthetic bacteria and bacteriochlorophyll a
was identified, because the lowest secretion rate was greater
than 85% in the case of Angelica gigas water extracts [8].
Because TNF-o. increases the generation of MMP-1, an enzyme
that hinders collagen generation [2, 21], bacteriochlorophyll
a that can reduce TNF-o is expected to be capable of
reducing enzymes that hinder collagen generation, thereby
showing efficacy for skin wrinkle improvement.

Up- and Down-Regulation of Skin-Aging-Related Gene
Expression

To more precisely assess the anti-skin-aging activities of
photosynthetic bacteria and bacteriochlorophyll 4, the gene
expression levels of keratinocyte-growth-related marker
protein hKRT10-F keratin 10, cell-differentiation-related
proteins hIVL-F involucrin, hTGM1-F transglutaminase-1
(GTase-1), and hLAMADS-F laminin 5 (a protein related to
dermal-epidermal junctions important for skin elasticity)
were measured from the growth of keratinocytes and
skin fibroblasts [3, 7, 24, 27]. The gene expression of
representative collagenase and MMPs was also observed.
As shown in Table 2, in considering the no-treatment
group as a control with an amount of expression of 1.0, the
amounts of keratin 10 expression increased by the extract
of R. sphaeroides was 0.1, which indicates that R. sphaeroides

Skin Anti-Aging Activities of Photosynthetic Bacteria 1595

itself has no cell growth effects. However, bacteriochlorophyll
a showed very high up-regulated gene expression up to
4.28 times higher than that of the control, indicating that it
can greatly improve the fibroblast cell growth. In the case
of involucrin, although the photosynthetic bacteria
expression levels were less than those of the control,
bacteriochlorophyll a showed notably high expression
from the growth of human fibroblast cells, up to 15.5 times
higher than that of the control. This result definitely proves
that the pigment should positively affect the cell
differentiation and eventually prevent the skin aging
process. Moreover, for TGase-1 expression, excellent effects
were also identified in treating with bacteriochlorophyll a
by comparing with the case of photosynthetic bacteria in
the same concentration. However, the expression levels of
laminin 5 were found to be lower in both samples than in
the control, indicating that there was no effect on dermal-
epidermal junctions of the fibroblast cells.

In experiments conducted with the same genes for
keratinocytes, in the case of keratin 10, the bacteriochlorophyll
a group expression amount was identified with a value
close to 15 times that of the control. The photosynthetic
bacteria group showed values that were approximately
10% higher than that of the control. In the case of
involucrin, the amounts of expression in both sample
groups were quite close to those of the control, and thus no
remarkable effect was shown. In the case of TGase-1, the
bacteriochlorophyll a group showed 3.5 times higher gene
expression than that of the control, and the photosynthetic

Table 2. Comparison of the gene expression levels after adding the extracts of R. sphaeroides and bacteriochlorophyll a.

Gene expression (fold) Cell Control Bacteriochlorophyll a Rhodobacter sphaeroides
Keratin 10 Fibroblast 1.00 4.28 +0.32* 0.10 + 0.01°
Keratinocyte 1.00 14.97 £ 1.13* 1.19£0.21
Involucrin Fibroblast 1.00 15.50 + 1.26* 0.76 +0.13"
Keratinocyte 1.00 1.17 £ 0.32 0.81 +0.11*
Transglutaminase (TGase) Fibroblast 1.00 7.98 + 0.65" 0.35 +0.09"
Keratinocyte 1.00 3.49 +0.26" 2.16 +0.15°
Laminin5 Fibroblast 1.00 0.44 + 0.04* 0.29 +0.02"
MMP-1 1.00 1.00 = 0.12 3.04 +0.32*
MMP-2 1.00 1.30 + 0.08* 1.61 +0.11°
MMP-3 1.00 0.24 + 0.02* 1.96 +0.09°
MMP-7 1.00 5.22 +(.39* 2.09 +0.21°
MMP-8 1.00 0.49 + 0.07* 0.02 + 0.00
MMP-9 1.00 0.26 + 0.06" 2.58 + 0.25
Filaggrin Keratinocyte 1.00 1.64 £0.11* 1.38 £ 0.17%

Mean values + SD from triplicate separate experiments are shown.

Means with a different letter (A-B) within the same gene expression are significantly different at p < 0.05.
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bacteria group also showed 2.2 times up-regulated gene
expression than that of the no-treatment control, such that
the effects could be identified in both sample groups. These
results show that although photosynthetic bacteria had
almost no effect for skin cell growth or regeneration,
bacteriochlorophyll a should have high skin anti-aging
activities for both types of cells. It was interesting that
some genes closely related to the differentiation of the cells
located in the epidermis, such as keratin 10, involucrin, and
TGase-1, were also up-regulated after treating the samples
into the fibroblast cells [3, 10, 13], even though their
expression levels were somewhat fluctuated and not much
in consistency. However, in general, the expression levels
were up-regulated and seemed to be correlated with the
patterns of up-regulation of the genes in the keratinocytes.
These results strongly imply that baceteriochlorophyll a
should play an important role in increasing the cell
differentiation of mainly keratinocytes and also possibly
fibroblasts, and which results in greatly improving its anti-
skin-aging activities. However, detail mechanisms of
increasing those gene expression levels in the fibroblast
cells by the bacteriochlorophyll a should be further
investigated.

For the gene expression of the MMP series (collagenases)
from the fibroblast cells, in general, the effects on skin
wrinkle improvement could be observed. In the case of
MMP-1, -2, and -7, the samples appear to have almost no
effect on hindering collagenase because the gene expression
levels of the samples were much higher than that of the
control. However, in the case of MMP-3 and -9, although
the gene expression levels by the photosynthetic bacteria
were higher than the control, such that no effect could be
expected, the bacteriochlorophyll a group showed notably
low expressions close to 1/5 of those of the control group.
In addition, in the case of MMP-8, both the photosynthetic
bacteria group and the bacteriochlorophyll a showed
values lower than those of the control, and in particular,
the photosynthetic bacteria showed rather low expression
amounting to 1/50 that of the control.

The amounts of expression of the protein filaggrin, which
plays key roles in the maintenance of skin barriers, were
also evaluated because filaggrin is a protein involved in
important functions for keratinocyte differentiation as well
as maintenance of skin moisture [29]. In general, the gene
expression levels of filaggrin by both photosynthetic
bacteria and the bacteriochlorophyll a were increased,
compared with that of the control. The expression level was
increased by ca. 1.4 times after treating with photosynthetic
bacteria extract and at least 1.6 times high with
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bacteriochlorophyll 4, indicating that bacteriocholorophyll a
should have an effect for maintaining the skin barriers.
These results imply that the photosynthetic bacteria and
bacteriochlorophyll a are able to prevent optical aging of
the skin and also to provide skin aging improvement by
preventing moisture loss [11]. Generally speaking, although
skin cell regeneration and differentiation and wrinkle
improvement cannot be expected from the photosynthetic
bacteria per se, excellent effects on gene expression related
to skin cell regeneration and differentiation and wrinkle
improvement can be expected from bacteriochlorophyll
a. Based on these results, we could conclude that
bacteriochlorophyll a can be considered effective for skin
aging improvement among cosmetic materials.

Measurement of Antioxidant Activities of the Samples
Fig. 5 demonstrates the correlation between skin anti-
aging activities with the antioxidant activity of both
samples, R. sphaeroides extract and bacteriochlorophyll a.
Ascorbic acid, a strong positive control, was used, and
its activity was assumed as 100% for calculation of the
activity of each sample as a relative percentage. Although
photosynthetic bacteria water extracts and 70% ethanol
extracts showed rather low scavenging activity, not
exceeding 15%, 100% ethanol extracts showed high activity
of up to 57.2%. Although pigment bacteriochlorophyll a
contained in photosynthetic bacteria did not show
concentration-dependent activity values (unlike photosynthetic
bacteria extracts), a value of 63.8% (the highest) was
identified such that its antioxidant activity could be
identified. Black chokeberry (aronia) and blueberry showed
DPPH free radical scavenging activity in a range of 40—-60%
at the same concentration, indicating that the antioxidant
activity of photosynthetic bacteria extracts and the pigment
bacteriochlorophyll a contained in photosynthetic bacteria
is effective to the extent that is comparable to that of other
natural products [4]. Referring to the fact that photosynthetic
bacteria serve as electron donors, the antioxidant activity
was assessed using the DPPH free radical scavenging
activity assay. In the case of photosynthetic bacteria extracts
from extraction solvents, large deviations were identified
according to the solvents. Therefore, the selection of
solvent appears to be highly important for extraction.

Discussion

In this work, we first showed the skin anti-aging activities
of bacteriochlorophyll a isolated from photosynthetic bacteria,
Rhodobacter sphaeroides, even though this bioactive pigment
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existed in relatively large quantities and has also been
known to have antioxidant activities. It was also found that
the bacteriochlorophyll 2 and the extracts of photosynthetic
bacteria were safe in terms of cell cytotoxicity and skin
irritation. The bacteriochlorophyll a also proved its skin
anti-aging activity by maintaining larger induction of
procollagen production than those by photosynthetic
bacteria extracts. In addition, when the secretion rates of
cytokine TNF-o (which promotes increases in the
generation of collagenase MMP-1) were measured [2, 21],
bacteriochlorophyll 2 showed secretion rates close to those
of the positive control dexamethasone such that its effects
could be identified. Although low TNF-a secretion rates
were shown by the extracts as well, the secretion rates were
not concentration dependent and showed large deviations,
indicating problems in utilization to a certain extent. Its
skin anti-aging efficacy was also confirmed by measuring
the gene expression level of the proteins involved in cell
differentiation, cell growth, and wrinkle improvement, and
the genes for skin cell differentiation and growth were
greatly up-regulated in treating cells with bacteriochlorophyll
a, compared with the extracts from photosynthetic bacteria
itself. The expression of genes for wrinkle improvement
was not significantly observed in photosynthetic bacteria,
but the effects of bacteriochlorophyll a could be well identified
for certain genes (keratin 10, involucrin, transglutaminase,
MMPs, and filaggrin). In addition, in observing the genes
related to skin barriers for helping to reduce the skin aging
process, bacteriochlorophyll a also showed better skin

protection activities. The antioxidant effect of bacteriochlorophyll
a was also found to be better than those of photosynthetic
bacteria extracts, and these results strongly indicate that
higher antioxidant activity of the bioactive pigment could
positively affect both skin wrinkle and anti-aging activities,
even though anti-inflammation activity of the pigment was
shown and could be partially involved in its skin anti-
aging process. These results could also be supported by
other reported data on the association between the removal
of active oxygen by antioxidant effects and the wrinkle
improvement and skin aging improvement [25]. Therefore,
it can be concluded that bacteriochlorophyll a could be
used as a new biomaterial for reducing the skin aging
process, and possibly photosynthetic bacteria Rhodobacter
sphaeroides itself, too. However, further studies on the
secretion of the proteins related MMP and/or involucrin
and TGase, etc. should be carried out to more clearly
explain the anti-skin-aging mechanisms of this pigment
[3, 24].
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