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with ascorbate metabolism and urea cycle
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Abstract

Introduction While green tea is known to protect skin
from ultraviolet (UV) light, underlying damage-repair
mechanisms remain unclear.

Objectives The major objective of this study was to inves-
tigate, using multi-omics analysis, the metabolic mecha-
nisms associated with the effects of a diet supplemented
with green tea (SGT) in UVB-damaged mice.

Methods Six to eight weeks old female Skh:HR-1 mice
were randomly divided into three experimental groups i.e.,
non-irradiated with control diet (NOR), UVB-irradiated
with control diet (UND), and UVB-irradiated with SGT
(UGD), and subjected to experimental conditions over
10 weeks. The skin samples were analyzed by metabo-
lomics, transcriptomics, and in silico modeling.

Results  Our results revealed that SGT significantly alle-
viated UVB-induced metabolite alterations (aspartic
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acid, ornithine, ascorbic acid, ethanolamine, and C20:0-
lysophosphatidylethanolamine) and gene expressions (ker-
atin sulfate biosynthesis/degradation, fatty acid oxidation,
and steroid metabolism) in the skin. Among these changes,
key metabolic pathways, including ascorbate metabolism
and the urea cycle, were the major pathways mitigated
through SGT diet among UGD group mice. Additionally,
SGT treatment also affected serum and hepatic lysophos-
pholipid levels through attenuating and intensifying UVB-
induced metabolic changes, respectively.

Conclusion Our results suggested that the SGT diets
primarily influenced ascorbate metabolism and the urea
cycle in UVB-irradiated mouse skin, alleviating deleteri-
ous UVB-induced skin wrinkles, epidermal thickening, and
collagen-fiber destruction.
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1 Introduction

Skin aging is accelerated by endogenous and exogenous
factors, such as inflammation, hormonal imbalance, expo-
sure to ultraviolet (UV) radiation, and smoking. These
stressors cause oxidative stress that can potentially dam-
age the membranes, lipids, proteins, and DNA of skin
cells. Dietary supplements, such as collagen, green tea,
probiotics, unsaturated fatty acids, and vitamins, improve
the quality of skin via skin-barrier homeostasis (Draelos
2010). In our previous study, we observed that supple-
mented green tea (GTS) significantly attenuated UVB-
induced harmful changes in mouse skin viz., wrinkles,
erythema, skin hydration, and elasticity through mending
skin metabolites vital for its structure and function (Jung
et al. 2015). However, the underlying genomic-metabolic
mechanisms correlating the GTS administration and its
components leading to skin repair following the UVB
irradiation are largely remain unexplored. Further under-
pinning the skin health effects of GTS, we conceive a
hypothesis that GTS administration potentially attenuates
UVB induced mammalian skin damage through mend-
ing the biochemical pathways critical for skin repair and
maintenance, in either direct or indirect way.

An increasing number of studies integrated multiple
omics data, including genomics, transcriptomics, prot-
eomics, and metabolomics, to comprehensively model
cellular functions (Li et al. 2016; Hyotylainen et al.
2016). Recently, studies used multi-omics approaches
to reveal biomarkers for various disease states involv-
ing cancer, neurodegenerative disorders, stress, and the
effects of bioactive ingredients (Liu and Zhang 2015;
Pineda et al. 2015; Boccio et al. 2016; Mastrokolias et al.
2016). The metabolome consists of products derived
from metabolic responses and is a sensitive measure of
phenotype and associated perturbations. Moreover, com-
bination with other omics data, such as that of the tran-
scriptome and proteome, allows additional insight into
pathway modulation due to synergistically described
pathophysiological conditions (Boccio et al. 2016; Mas-
trokolias et al. 2016). In order to process high-through-
put omics data, large-scale computational models, such
as genome-scale models (GEMs), can also be used to
describe the metabolic states of an organism (Lee et al.
2005).

In this study, we performed complementary investiga-
tion of the metabolome and transcriptome to reveal the
effects of a diet supplemented with green tea (SGT) on the
metabolic mechanisms involved with UVB-induced altera-
tions in skin conditions. Furthermore, we also conducted
endogenous metabolomics analysis of the serum and liver
to determine additional influences of a SGT on mice and
relation with the skin condition.
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2 Materials and methods
2.1 Chemicals and materials

Acetonitrile, dichloromethane, methanol, and water were
obtained from Fisher Scientific (Pittsburgh, PA, USA).
Pyridine, formic acid, ~-methyl-~-(trimethylsilyl) trifluoro-
acetamide (MSTFA), methoxyamine hydrochloride, and
standard compounds were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The green tea extract (GTE) was
provided by AmorePacific Corp. (Seoul, Korea) and mainly
contains four kinds of catechins, including epicatechin,
epigallocatechin, epicatechin gallate, and epigallocatechin
gallate. The catechin content of GTE was analyzed and
quantified by triple-quadrupole mass spectrometry (MS)
(Supplementary Table 1). GTE contained 50% total cate-
chins and 4.5% caffeine.

2.2 Animal experiments

Six to eight weeks old female Skh:HR-1 mice were pur-
chased from Orient Bio (Seongnam, Korea). Mice were
housed under controlled conditions as followed: tempera-
tures (24 +2°C), light (12-h light/dark cycle), and humid-
ity (55+10%). After acclimation (1 week), the mice were
randomly divided into three experimental groups. These
groups were non-irradiated with control diet (Ain-93G)
(NOR; n=12), UVB-irradiated with control diet (UND;
n=12), and UVB-irradiated with SGT (Ain-93G+ 1%
GTE) (UGD; n=12). For UVB irradiation, four fluores-
cent lamps (TL 20 W/12 RS SLV; peak emission: 315 nm;
wavelength: 290-390 nm; Philips, Amsterdam, Nether-
lands) were used, and intensity was monitored with a UV
meter (VARIOCONTROL v.2.03; Waldmann, Villingen-
Schwenningen, Germany). Mice were exposed to UVB
radiation three times every week by moving freely in the
cage at a distance of 30 cm from the lamps. The UVB irra-
diation began with doses of 75 mJ/cm? [one minimal ery-
thema dose (MED)] and was elevated weekly to four MED
and maintained subsequently. Food intake and the body
weight of mice were measured weekly, with no significant
differences observed among the groups. After 10 weeks,
mice were sacrificed and their dorsal skin were collected
and stored at —80°C. All animal experimental procedures
were approved by the Institutional Animal Care and Use
Committee of Gyeonggi Institute of Science & Technol-
ogy (permit number: 2013-12-0006) and were performed
accordance with their guidelines.

2.3 Clinical and histological assessment

Skin wrinkles of hairless mice were determined using the
Visioline VL 650 (Courage + Khazaka Electronic GmbH,
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Ko6ln, Germany). Total area, number, mean length, and
depth of wrinkles were analyzed by skin-replica assess-
ment, which was created by applying silicon rubber (SIL-
FLO; J&S Davis, Stevenage, England) to the dorsal skin of
hairless mice. For histological assessment, excised skin and
liver tissues of mice were fixed in 10% neutral-buffered for-
malin, followed by embedding in paraffin, frozen, and sec-
tioned (5 pm). The sections were stained with hematoxylin
and eosin and masson’s trichrome solutions. The epidermal
thickness was measured at five different sites, and a mean
value was calculated. The stained sections were observed
using an ECLIPSE Ti-E inverted microscope (Nikon,
Tokyo, Japan) and processed with NIS-Elements BR 3.00
software (Nikon).

2.4 Sample preparation and metabolite profiling

For metabolite profiling, the skin and serum extracts
were prepared. Before skin extraction, 2X2 cm sections
of mouse central-dorsal skin tissue were finely chopped.
Methanol (1 mL) was added to the finely chopped skin
tissues, which were then homogenized using an MM400
mixer mill (Retch, Haan, Germany) at a frequency of 30 s~
for 15 min at room temperature. After homogenization, the
suspension was kept at 4 °C for 30 min and then centrifuged
at 12,578 g for 10 min at 4 °C. The supernatant was filtered
through a 0.2-pm polytetrafluoroethylene (PTFE) filter
and dried using a speed vacuum concentrator (Modulspin
31; Biotron, Gyeonggi-Do, Korea). For serum extraction,
600 pL methanol was added to 200 pL serum, and the mix-
ture was sonicated with shaking for 15 min. After centrifu-
gation at 12,578Xg for 10 min at 4 °C, the supernatant was
filtered using a 0.2-um PTFE filter and dried using a speed
vacuum concentrator (Biotron). The liver-tissue extracts
were prepared by adding 1 mL of methanol:water (1:1, v/v)
to liver tissue (150 mg+1 mg) using a mixer mill with a
frequency of 30 s~! for 15 min. After homogenization, the
suspension was centrifuged at 12,578xg for 10 min at 4 °C,
filtered through a 0.2-um PTFE filter, and dried using a
speed vacuum concentrator (Biotron). Metabolite profiling
was performed using two different high throughput analyti-
cal approaches i.e., ultra-performance liquid chromatogra-
phy quadrupole time-of-flight MS (UPLC-Q-TOF-MS) and
gas chromatography (GC)-TOF-MS, owing to the chemical
nature of metabolites. The dried-skin and serum extracts
were re-dissolved with methanol, and liver extracts were
re-dissolved with 50% methanol for UPLC-Q-TOF-MS
analysis. The UPLC chromatographic separation was car-
ried out on a Waters ACQUITY BEH C18 column (i.d.,
100 mm X 2.1 mm, 1.7 pm particle size; Waters Corp.) with
5 pL of injection volume. The column temperature and
flow rates were set at 37°C and 0.3 mL/min, respectively.
Binary solvent system was consisting of 0.1% v/v formic

acid in water (A) and 0.1% v/v formic acid in acetonitrile
(B). The chromatographic run was programmed with 5% of
B for initial 1 min followed by gradient increase to 100%
of B over 9 min. Total run time was 14 min including re-
equilibration to the initial condition of the column. The MS
analysis conditions were similar to those described previ-
ously by Jung et al. 2015. For GC-TOF-MS analysis, the
dried samples were prior derivatized in two consecutive
steps involving; (a) oximation with 50 pL methoxyamine
hydrochloride (20 mg/mL in pyridine) at 30 °C for 90 min,
and (b) silylation using 50 pL MSTFA at 37 °C for 30 min.
The operational conditions for GC-TOF-MS analysis were
identical to those described in our previous study (Jung
et al. 2015).

2.5 Targeted skin-ceramide analysis

The mouse epidermis was separated as described previ-
ously (Shin et al. 2014), and epidermis samples (5 mg)
were homogenized in a tissue lyser (30 Hz for 30 s; Qia-
gen, Hilden, Germany) with 500 pL. methanol. The homog-
enized samples were centrifuged at 12,578xg for 10 min at
4°C. The precipitates were again homogenized with 500 pL
dichloromethane:methanol (3:1, v/v), and the homogenized
samples were centrifuged. The resulting supernatants were
transferred into clean tubes and dried under vacuum. Dried
samples were resuspended in 100 pL chloroform:methanol
(1:9, v/v) and diluted 10-fold with chloroform:methanol
(1:9, v/v) containing 7.5 mM ammonium acetate. Skin-cer-
amide profiling was performed on an LTQ XL mass spec-
trometer (Thermo Fischer Scientific, West Palm Beach,
FL, USA) equipped with a TriVersa NanoMate (Advion
Biosciences, Ithaca, NY, USA) using previously described
analytical conditions (Shin et al. 2014). Skin ceramides
were tentatively identified by comparison with the MS/MS-
fragmentation patterns of commercially available ceramide
standards and our in-house ceramide library (Shin et al.
2014).

2.6 Data processing and multivariate statistical analysis

The datasets from GC-TOF-MS and UPLC-Q-TOF-MS
were acquired and preprocessed using LECO Chroma TOF
software (v.4.44; LECO Corp.) and MassLynx software
(v.4.1; Waters Corp., Milford, MA, USA), respectively.
These raw data were converted into the NetCDF format
(*.cdf). Using the Metalign software package (http://www.
metalign.nl), retention-time correction, peak detection, and
alignment were processed and exported resulting data to
an Excel file (Microsoft Corp., Redmond, WA, USA). Unit
variance scaling (autoscale) and mean cantering in a col-
umn-wise fashion were applied to datasets. The multivari-
ate statistical analyses were performed using SIMCA-P+
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(v.12.0; Umetrics, Umea, Sweden). The significantly dis-
criminant variables among the experimental groups were
selected depending on the variable importance in projection
(VIP) values. The discriminant metabolites were putatively
identified by comparing their retention time, mass spec-
tra, and mass fragment patterns with those for commercial
standard compounds analyzed under identical conditions
and various available databases, including the National
Institutes of Standards and Technology (NIST) library,
the Human Metabolome Database (HMDB; http://www.
hmdb.ca/), and Wiley 8. The data significance was deter-
mined through Duncan’s multiple-range tests and analysis
of variance using PASW Statistics 18 software (SPSS Inc.,
Chicago, IL, USA). Correlation coefficients were also cal-
culated by PASW statistics 18 software, and a correlation
network was constructed using Cytoscape software (ver-
sion 3.4.0, http://www.cytoscape.org/).

2.7 Microarray analysis

Quantitative analysis of RNA expression was conducted
using an Affymetrix GeneChip mouse genome 430 A 2.0
array (Affymetrix, Santa Clara, CA, USA). Total RNA
was isolated from the dorsal skin of three mice from each
group using RNAiso Plus (Takara, Shiga, Japan). RNA
quality and quantity was measured using a NanoDrop 2000
(Thermo Fisher Scientific) to ensure the integrity of the
RNA. All experiments following the RNA isolation were
conducted by DNPbiotec (Daegu, Korea).

2.8 Identification of differentially expressed genes

Differentially expressed genes between NOR versus UND
and UND versus UGD groups were identified based on a
modified ¢ statistic (Wettenhall and Smyth 2004) imple-
mented using the limma package within the R environment.
Subsequently, p-values were adjusted for multiple-hypothe-
sis testing using Benjamini and Hochberg’s method (Benja-
mini and Hochberg 1995), and the false discovery rate was
controlled at 5%.

2.9 Reporter-metabolite identification

Reporter metabolites in NOR versus UND and UND ver-
sus UGD groups were identified based on a previously pub-
lished method (Zelezniak et al. 2010). Briefly, each metab-
olite in the mouse GEM was scored based on the p-values
of neighboring differentially expressed enzymes using the
p-value associated with differential expression of corre-
sponding genes. In the case of isozymes or enzyme com-
plexes, the lowest p-value for the isozyme or enzyme sub-
unit was used. Subsequently, the p-values were converted
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into Z-scores using an inverse normal cumulative distribu-
tion function (CDF) for each enzyme, i, as follows:

Z;=0"'(1-p) (1)
Once each enzyme was Z-scored, the Z-score for each
metabolite (Z,,,,.p0ii.) Was calculated. To do so, the aggre-

gated Z-scores of k neighboring enzymes were computed
as follows:

1
Zmetabolite = z Z Zi )

Finally, the metabolite Z-scores were corrected for back-
ground distribution by subtracting the mean (u;) and divid-
ing by the standard deviation (o) of the original Z-score for
the Z

‘metabolite*

Zcorreczed — <ZmEtabolite - ﬂk)

metabolite o (3)

The corrected Z-scores were once again transformed
into p-values using normal CDF. Metabolites with p <0.05
were classified as statistically enriched reporter metabo-
lites. The COBRA toolbox (Schellenberger et al. 2011)
was used to identify the reporter metabolites from a mouse
GEM.

3 Results and discussion
3.1 Study design and histopathology of skin tissues

The female albino hairless mice (Skh:HR-1) were sub-
jected to comprehensive unbiased skin metabolomics and
transcriptomics studies towards evaluating the effects of
SGT against UVB induced photoaging. The animal experi-
ments were spanned for 10 weeks for each mice group i.e.,
NOR, UND, UGD. After 10 weeks, detailed histopathol-
ogy examination of the skin tissues of the treated mice
groups exhibited the deleterious effects of UVB irradiation
viz., severe deep wrinkles, increased total wrinkle area,
mean length, and wrinkle depth on the dorsal skin of mice
(Fig. la, b). Additionally, an enhanced epidermal thick-
ness and collagen-fiber destruction were observed among
UND mice groups as compared to NOR-groups (Fig. lc,
d). Intriguingly, the UVB induced deleterious effects were
significantly alleviated in mice groups subjected to SGT
diet (UGD).

3.2 SGT-induced alterations in the skin metabolome
of UVB-irradiated mice groups

The significantly discriminated endogenous metabo-
lome altered through UVB irradiation on mice groups
with or without SGT diets were determined through
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Fig. 1 Clinical and histological observations of the effects of SGT on
UVB-irradiated mice. a, b Wrinkle formation, ¢ epidermal thickness,
d collagen fibers, and e micrographs of histological examination of
liver tissue

comprehensive metabolite profiling coupled with targeted
ceramide analysis. In PCA-score plots derived from GC-
TOF-MS and UPLC-Q-TOF-MS datasets, all three exper-
imental groups were well clustered across the principal
components (Supplementary Fig. la and b). Further,
the clear grouping patterns for each experimental mice
group were observed in corresponding PLS-DA score
plots (Fig. 2a, b). The fitness and prediction accuracy of
the PLS-DA model signified by R*X ) R*Y ym)-and
QZ(Cum), as well as the p-values determined through cross-
validation analyses are summarized in Supplementary
Table 3. Thirty-four skin associated metabolites were
selected and identified as significantly discriminant
among the NOR, UND, and UGD groups based on VIP
values>0.7 and p<0.05. Additionally, 49 ceramides
were targeted for analysis, showing significantly differ-
ent levels among the NOR, UND, and UGD groups. The
relative levels of 10 amino acids, 5 organic compounds, 1
nucleobase, 2 carbohydrates, 5 fatty acids, 1 bile acid, 10
lipids, and 49 ceramides were converted to respective fold
changes and are presented in Table 1. We observed that
SGT diets significantly attenuated various UVB-induced
skin-metabolite alterations. In particular, skin metabo-
lites, including aspartic acid (1), ornithine (6), ascorbic
acid (11), ethanolamine (12), and lysoPE (20:0) (30)
showed the most significant changes. The levels of skin
metabolites, including ornithine (6), ascorbic acid (11),
ethanolamine (12), and lysoPE (20:0) (30), increased in
the UND group as compared with those observed in the
NOR group, whereas changes in these metabolite levels
were attenuated in the UGD group. By contrast, the lev-
els of aspartic acid (1) in skin showed a reciprocal pat-
tern. In comparison with our previous study (Jung et al.
2015), the levels of most skin lysophospholipids and
ceramides, which are related to skin structure, showed a
similar attenuating patterns effected by SGT diet, while
the levels of amino acids and fatty acids were conversely
varied compared to our previous study (Table 1). In con-
trast to some skin ailments viz., psoriasis and atopic
dermatitis, the UVB irradiation induce ceramide gen-
eration in keratinocytes as well as murine skin through
the activation of sphingomyelinases and non-bound free
ceremides, respectively (Meckfessel and Brandt 2014;
Magnoni et al. 2002; Takagi et al. 2004). Functionally,
the ceramides are the important lipids components of the
epidermis, which plays an important role in skin barrier
functions (Meckfessel and Brandt 2014). In the present
study, we observed a similar increasing pattern of skin
ceramides through UVB irradiation in UND group. How-
ever, no significant changes in ceramides levels were
observed in the skin tissue of UVB irradiated mice fed on
GTS diet i.e., UGD (Table 1). Among those, ceramides
containing non-hydroxy fatty acid dihydrosphingosine

@ Springer



82 Page 6 of 14

E. S. Jung et al.

Fig. 2 The partial least-squares a b
discrimination-analysis score 20
scatter plots of a, b mouse-skin 50
extracts, ¢, d serum extracts, I <10
and e, f liver extracts analyzed c 2 g
by a, ¢, € GC-TOF-MS and b, X & 0 N 0
n n
d, f UPLC-Q-TOF-MS. Black »w o a'
filled square NOR group; red -0
filled square UND group; green 50 20
Sfilled square UGD group
-100 -50 0 50 100 30 20 -10 0 10 20 30
PLS1 (9.8%) PLS1 (6.9%)
C e d «
40 30
= =2
20 Q
€5 X 10
= 0 S
[N 0
% @
wa,, F -10
-20
'40 _30
-60 -40
-60 -40 -20 0 20 40 60 -50 -40 -30 -20 10 0 10 20 30 40 50
PLS1 (9.3%) PLS1 (9.0%)
€ 100 f
20
== 50 .
B g § 10
o .
250 S0
- N N
- 9 ]
o o
50 -10
-20
-100

-150 -100 -50 0

PLS1 (16.2%)

and phytosphingosine were observed remarkably higher
in UND groups as compared to UGD group. Kobayashi
et al. (2016) have reported that catechins effect strong
inhibition of secretory sphingomyelinase activity which
in turn decreases plasma ceramide concentrations, how-
ever, the direct correlations establishing the link between
ceramide levels and catechins in GTS are lacking. We
construe that the varying patterns of skin-metabolite
alterations in the present study and those reported pre-
viously might be attributed to the different experimental
conditions. In general, we observed a common attenuat-
ing pattern induced by SGT diet on the levels of metabo-
lites reportedly altered through UVB exposures (Jung
et al. 2015). In particular, ascorbic acid (11) levels in
skin, a biomarker determined in a previous study, showed
a similar patterns (twofold increases in the UND group as
compared with the NOR group, with relatively decreased
levels in UGD mice group). The skin metabolites that
showed attenuating patterns as result of a SGT diet on
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UVB-exposed mice were used for further analyses and
integration with transcriptome data.

3.3 The differentially expressed skin transcriptome
mediated by SGT in UVB-irradiated mice group

We performed microarray analysis to identify differen-
tially expressed genes in UVB-irradiated mouse skin and/
or the skin of mice fed a SGT. Skin-transcriptome data
was mapped onto a mouse GEM (Sigurdsson et al. 2010)
using the gene-protein-reaction association. Previously,
integrating transcriptome data with GEM has successfully
been applied to microbes and plants to improve predic-
tions of metabolic behaviors under certain stimuli (Akes-
son et al. 2004; Mohanty et al. 2016). The expression lev-
els of 1366 metabolic genes pertaining to 2011 reactions
were associated with the model and used for further analy-
ses. We explored the expression patterns associated with
individual reactions and metabolite levels by calculating
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the differential expression of each reaction under various
treatments in a pairwise manner using a modified # statis-
tic adjusted for multiple-hypothesis testing. This analysis
identified significantly altered pathways related to UVB
irradiation and a SGT, thereby highlighting the possi-
ble attenuating effect of the SGT on UVB-irradiated skin
in key metabolic pathways of gene expressions, such as
keratin sulfate biosynthesis/degradation, fatty acid oxida-
tion, and steroid metabolism (Supplementary Fig. 2). Skin
keratin sulfate, sterols, lipids, and amino acids were closely
related to skin-barrier functions, such as moisture retention
(Meguro et al. 1999; Katagiri et al. 2003; Oh et al. 2011;
Yahagi et al. 2011). Glycosaminoglycans, such as keratin
sulfates, comprise the core proteins in proteoglycans, which
may contribute to formation of the extracellular matrix,

including collagen fibers and elastic fibers (Reinboth et al.
2002; Oh et al. 2011). Here, chronic UVB irradiation dis-
rupted collagen fiber formation, whereas mice in the UGD
group were less affected by UVB irradiation, showing a
consistency between phenotype and genotype (Fig. 1d).
From the list of reactions with the most significant tran-
scriptional changes, we then identified reporter metabo-
lites (Patil and Nielsen 2005) to determine metabolic hot-
spots in the mouse-skin network and their corresponding
transcriptional-regulatory mechanisms. The list of statis-
tically enriched reporter metabolites for each treatment is
provided in Table 2. The top-ranked reporter metabolites
were mostly involved in steroid metabolism, fatty acid
metabolism, glycan biosynthesis and degradation, nucleo-
tide metabolism, and inositol metabolism. These reporter

Table 2 Identified reporter metabolites of metabolic hotspots in the mouse-skin metabolic network and corresponding transcriptional-regulatory

mechanisms
No. Reporter metabolite No. Reporter metabolite
1 L-erythro-4-Hydroxyglutamate 31 myo-Inositol*
2 UDP 32 Trihexosyl ceramide
3 dCMP 33 Dolichol diphosphate, human liver homolog
4 CMP 34 3-Hydroxy-2,6-dimethyl-5-methylene-heptanoyl-CoA
5 UMP 35 3,4-Dihydroxy-L-phenylalanine
6 dUTP 36 (S)-3-Hydroxybutanoyl-CoA
7 4-Methylzymosterol intermediate 2 37 3-Sulfopyruvate
8 Prostaglandin H2 38 L-Citrulline*
9 S-Adenosyl-L-methionine 39 zymosterol intermediate 2
10 D-Fructose 6-phosphate 40 L-Fucose 1-phosphate
11 (S)-Methylmalonyl-CoA 41 3-Methoxy-4-hydroxyphenylglycolaldehyde
12 keratan sulfate I, degradation product 4 42 4-Methylzymosterol intermediate 1
13 3-(4-Hydroxyphenyl)pyruvate 43 Acetoacetyl-CoA
14 1D-myo-Inositol 4-phosphate 44 dADP
15 1-Phosphatidyl-1D-myo-inositol 3-phosphate 45 dGDP
16 L-Cysteate 46 GDP
17 L-Cysteine 47 3-Methylimidazole acetaldehyde
18 Mercaptopyruvate 48 Methylamine
19 L-Phenylalanine 49 Ornithine*
20 Phenylpyruvate 50 (S)-Squalene-2,3-epoxide
21 L-Tyrosine 51 Dimethylallyl diphosphate
22 Chondroitin sulphate E (GalNAc4,6diS-GIcA), precur- 52 Protein N6,N6-dimethyl-L-lysine
sor 4
23 Phenylacetaldehyde 53 3-Hydroxypropionyl-CoA
24 Phosphatidylinositol-3,5-bisphosphate 54 20alpha-Hydroxyprogesterone
25 Putrescine 55 4-Acetamidobutanoate
26 cAMP 56 N-Methylhistamine
27 trans-2-Methylbut-2-enoyl-CoA 57 Chondroitin sulphate A (GalNAc4S-GlcA) and B
(IdoA2S-GalNAc4S), precursor 2
28 Propenoyl-CoA 58 Urea*
29 Geranyl diphosphate
30 Agmatine

*Qverlapped metabolites with metabolomics results
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metabolites and the related gene-expression patterns were
used for constructing metabolic pathways for integration
into skin-metabolome data.

3.4 Complementary identification using integrative
metabolomic approach for regulatory pathways
in mouse skin affected by a SGT

Multi-omics analysis combining the metabolomic and
transcriptomic data using the in silico modeling was
performed to comprehensively elucidate the molecular
mechanisms affected by SGT in UVB-irradiated mouse
skin. A multi-omics analysis can provide comprehensive
insight and better understanding of model systems. The
transcriptomic response represents an activated metabolic
network and directly corresponds to metabolic changes
perturbed through altered cellular states (Ippolito et al.
2005; Joyce and Palsson 2006). Based on the list of iden-
tified skin metabolites (those that showed attenuation
patterns linked with the effects of SGT on UVB-induced
skin metabolome alterations; Table 1), selected reporter
metabolites (Table 2), and the related gene-expression
patterns, a skin-related metabolic pathway was proposed
(Fig. 3). Integrating skin metabolites, reporter metabo-
lites, and related gene-expression patterns allowed the
construction of a more precise skin-related metabolic
pathway. We could observe that metabolome and tran-
scriptome data filling the gaps in corresponding skin
metabolism. Further, we showed the gene expression cov-
ering metabolic space in skin metabolic pathways. Based
on this pathway, we conjecture that UVB-induced altera-
tions in gene expression and metabolites levels associ-
ated with ascorbate metabolism, amino acid metabolism,
steroid metabolism, nucleotide metabolism, and the urea
cycle were highly attenuated by a SGT diet. Further, we
observed the overlaps between several reporter metabo-
lites derived from transcriptomics and metabolomics
approaches viz., myo-inositol (ascorbate metabolism),
citrulline (urea cycle), ornithine (urea cycle), and urea
(urea cycle). The gene-expression patterns associated
with UVB-induced changes in the metabolism of myo-
inositol to ascorbic acid were highly attenuated by a SGT.
Ascorbic acid can be synthesized in mice from glucose
and regulates collagen biosynthesis (Murad et al. 1981).
It is a cofactor for the enzyme prolylhydroxylase, which
generate hydoxyproline, a metabolite vital for stable col-
lagen structure (Murad et al. 1981). Furthermore, ascor-
bic acid is also one of the low molecular weight endog-
enous antioxidants along with Vitamin E, uric acid,
ubiquinol, and glutathione. In addition to these, skin also
has endogenous enzymatic antioxidants such as super-
oxide dismutase, catalase, and glutathione peroxidase.
In skin, these antioxidants together play an important

role in protection of the cells against oxidative stresses
induced by UV radiation (Shindo et al. 1993). However,
when skin photoaging occurs, the expression of endog-
enous antioxidant enzymes in stratum corneum and epi-
dermis were significantly reduced (Pandel et al. 2013). In
the present study, we observed a significant increase in
the relative levels of skin ascorbic acid by chronic UVB
irradiation, while SGT alleviated this marked alteration.
Overall, the changes in ascorbate metabolism may sig-
nificantly influence the collage construction as well as
the cell’s defence mechanisms against oxidative stress
induced by UVB irradiation.

Further, SGT also attenuated UVB-induced metabolic
changes and gene expression related to the urea cycle
(Fig. 3). In urea cycle, citrulline is a precursor of arginine,
and ornithine is the immediate metabolite derived from
arginine. Ornithine and arginine are known to have vari-
ous pharmacological effects (Shi et al. 2002). According
to other studies, supplementation of ornithine and argi-
nine positively effects wound healing by increasing wound
breaking strength and scar collagen deposition. These
effects are dependent and independent on nitric oxide syn-
thesis, respectively. The expression of nitric oxide syn-
thase (NOS) vital for enzymatic conversion of arginine to
nitric oxide and citrulline (Shi et al. 2000, 2002; Debats
et al. 2009), was inversely effected by UVB irradiation and
SGT. In addition, urea is naturally occurring endogenous
metabolite in the skin and acts a natural moisturizing factor
that enhances stratum corneum hydration and permeability
barrier function (Grether-Beck et al. 2012; Bjorklund et al.
2013). According to Grether-Beck et al. (2012), topical
application of urea regulates epidermal-permeability bar-
rier functions and antimicrobial-peptide gene expression
in the epidermis as a small-molecule regulator. Addition-
ally, ornithine decarboxylase, which converts ornithine
to putrescine through an enzymatic reaction, in the urea
cycle contributes to UVB-induced skin cancer develop-
ment (Elmets and Athar 2010). In Fig. 3, not only metabo-
lites levels of citrulline, ornithine, and urea, but also gene
expression levels of nitric oxide synthase, ornithine tran-
scarbamylase, and ornithine decarboxylase were highly
attenuated by SGT, altered significantly by UVB irradia-
tion. However, the studies linking the alteration of skin
urea cycle and improvement of photo-damaged skin are
not widely reported. However, pertaining to the observed
changes in overall metabolite levels and gene expressions
for urea cycle, we can arguably correlate the alleviating
effects of SGT with UVB induced skin photoaging. The
two metabolic pathways related to ascorbate metabolism
and the urea cycle are highly related to skin structure and
barrier function. Therefore, our results suggested that these
metabolic pathways might be involved in mechanisms asso-
ciated with a SGT alleviating UVB-related skin damage.
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Fig.3 A schematic diagram of the proposed skin-related meta-
bolic pathway based on information regarding skin metabolites
(metabolomics), reporter metabolites (transcriptomics), and related
gene-expression patterns. All selected metabolites and genes exhib-
ited attenuating patterns associated with a SGT on UVB-induced
changes. The dashed line indicates multiple steps. Black square
boxes with green characters indicate skin metabolites derived from
metabolomics analysis; blue characters indicate reporter metabo-
lites from transcriptome analysis using in silico modeling; yel-
low square boxes indicate an overlap of metabolites between skin
metabolites and reporter metabolites. The pathway was modified
from the reported KEGG (http://www.genome.jp/kegg/) pathway. EC
numbers for enzymes are as follows: 1.1.1.170 [NAD(P) dependent
steroid dehydrogenase-like], 1.1.3.8 [gulonolactone (L-) oxidase],
1.13.99.1 [myo-inositol oxygenase], 1.14.11.2 [procollagen-proline,
2-oxoglutarate 4-dioxygenase (proline 4-hydroxylase), alpha II poly-
peptide], 1.14.13.15 [cytochrome P450, family 27, subfamily a, poly-
peptide 1], 1.14.13.39 [nitric oxide synthase 1, neuronal], 1.14.13.70
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[cytochrome P450, family 51], 1.3.1.21 [7-dehydrocholesterol reduc-
tase], 1.3.1.70 [transmembrane 7 superfamily member 2], 1.3.5.1
[succinate dehydrogenase complex, subunit A, flavoprotein (Fp)],
1.4.3.4 [monoamine oxidase B], 2.1.3.3 [ornithine transcarbamyl-
ase], 2.3.1.65 [bile acid-Coenzyme A: amino acid N-acyltransferase],
2.5.1.21 [farnesyl diphosphate farnesyl transferase 1], 2.6.1.1 [gluta-
mate oxaloacetate transaminase 2, mitochondrial], 2.6.1.5 [tyrosine
aminotransferase], 2.7.1.36 [mevalonate kinase], 3.1.1.17 [regucal-
cin], 3.1.3.3 [phosphoserine phosphatase], 3.1.3.5 [5" nucleotidase,
ecto], 3.5.3.11 [agmatine ureohydrolase (agmatinase)], 3.6.1.6 [ecto-
nucleoside triphosphate diphosphohydrolase 4], 4.1.1.- [pyridoxal-
dependent decarboxylase domain containing 1], 4.1.1.15 [gluta-
mate-ammonia ligase (glutamine synthetase)], 4.1.1.17 [ornithine
decarboxylase, structural 1], 4.1.1.28 [dopa decarboxylase], 4.1.1.33
[mevalonate (diphospho) decarboxylase], 4.2.1.11 [enolase 3, beta
muscle], 5.1.99.4 [Clq and tumor necrosis factor related protein 3],
and 5.4.99.7 [lanosterol synthase]
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3.5 The effects of a SGT on endogenous serum
and liver metabolites in UVB-irradiated mice
and correlation with skin metabolites

Chronic UVB irradiation induces metabolite changes not
only in the skin, but also throughout the body, includ-
ing the serum and liver. Most of previous studies on UV
radiation have focused on skin tissue, but these works also
focussed on the effects of UV irradiation on non-skin tis-
sues including, blood and internal organs. Svobodova et al.
(2011) reported that acute exposure of UVA and UVB
causing alterations of oxidative stress related parameters in
skin, erythrocytes, and liver such as catalase, glutathione,
superoxide dismutase. Goerz et al. (1996) reported that
UVA and UVB exposure on rat skin modified P450 iso-
enzymes activity, especially of P450 1Al in skin and in
liver. In addition, skin releases anti-inflammatory media-
tor including vitamin D and nitric oxide by UV expo-
sure, these are crucial in prevention of liver inflammation
by circulation. Recently, Park et al. (2014) reported that
chronic UVB radiation altered not only skin metabolites
but also hepatic metabolites in mice, which indicated that
UV radiation also affected internal organ. Only a limited
number of studies reported the effects of UV radiation on
internal organ. However, UV radiation induced damaged

biomolecules and signal molecules may reach the blood
circulation and in this way affect blood cells and internal
organs. To determine the effects of a SGT on serum and
the liver of UVB-irradiated mice, we measured biochemi-
cal parameters and performed metabolite profiling. Accord-
ing to Fig. le, no macroscopic differences in liver tissues
were observed among groups; however, the relative lev-
els of triglycerides were significantly decreased in the
UGD group (Supplementary Table 1) relative to the levels
observed in other groups. According to PCA and PLS-DA,
all three experimental groups were clearly separated from
one another (Supplementary Fig. 1c—f and Fig. 2c—f). We
selected distinguishing metabolites among the NOR, UND,
and UGD groups and summarized these in Supplementary
Table 2. Among these metabolites, those exhibiting signif-
icant alterations are shown in Fig. 4, which shows that a
SGT resulted in the emergence of two different patterns of
effects on endogenous metabolites altered by UVB radia-
tion. A SGT significantly attenuated changes in most serum
metabolites that were induced by UVB irradiation, similar
alleviating pattern with those of skin metabolites. How-
ever, most hepatic metabolite changes induced by UVB
irradiation were significantly intensified by a SGT. Most
serum lysoPCs, such as C16:1 (40, 41), C20:4 (55, 56), and
C22:6 (59), except (18:2) (46, 47), were increased in the

Skin Serum Liver
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# 90000
* E‘;: # % « i : i
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Fig. 4 a Graph showing endogenous skin, serum, and liver metabolites significantly altered by UVB irradiation and a SGT. *Significant differ-
ence between the NOR and UND groups (p <0.05). # Significant difference between the UND and UGD groups (p <0.05)
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UND group as compared to levels observed in the NOR
group, whereas these changes were attenuated in the UGD
group. By contrast, levels of liver metabolites were signifi-
cantly altered by UVB irradiation, with a SGT significantly
intensifying these changes. The majority of the enhanced
endogenous hepatic metabolites were amino acids, cho-
lesterol, and lipids, which are closely related to metabolic
liver functions. These metabolites included aspartic acid
(3), phenylalanine (6), 2-ketoglutaric acid (11), choles-
terol (33), lysoPC (16:0) (36), lysoPE (16:0) (38), lysoPC
(18:1) (44), lysoPC (20:4) (55), lysoPC (22:5) (57, 58), and
lysoPC (22:6) (59, 60). Lysophospholipids control initia-
tion of the adaptive immune response and induce humoral
and cellular immune responses. Additionally, saturated
acyl lysoPCs stimulate pro-inflammatory cytokines, which
induces inflammation, while polyunsaturated acyl lysoPCs
exhibit anti-inflammatory effects (Perrin-Cocon et al.
2006; Hung et al. 2012; Olofsson et al. 2008). Our results
showed that levels of saturated acyl lysophospholipids,
such as lysoPC (16:0), lysoPE (16:0), and lysoPC (18:0),
increased in both the UND and UGD groups, whereas lev-
els of polyunsaturated acyl lysophospholipids decreased in
both the UND and UGD groups. These results indicated
that both UVB irradiation and a SGT might cause inflam-
mation in the liver; however, the altered levels of serum
lysophospholipids by UVB irradiation were attenuated by
SGT, which was inconsistent with those of hepatic metab-
olites (Fig. 4 and Supplementary Table 2). Notably, the
attenuating effects associated with serum lysoPCs may be
closely related to the anti-inflammatory effects of green tea.
In addition, correlation analysis among skin, serum, and
liver metabolites showed that a number of serum metabo-
lites were highly correlated with skin metabolites includ-
ing aspartic acid, ascorbic acid, ethanolamine, citrulline,
urea, which showed most remarkable alleviation in UVB-
induced changes through SGT diet (Supplementary Fig. 3).

4 Concluding remarks

We performed a comprehensive and integrated metabo-
lomic-transcriptomic analysis to investigate the effects of
SGT diet on skin metabolic mechanisms altered through
UVB-irradiation in mice. Our results revealed that SGT
highly alleviated UVB-induced alterations of metabolites
and gene expressions associated with ascorbate metabo-
lism, amino acid metabolism, steroid metabolism, nucleo-
tide metabolism, and urea cycle. Especially, ascorbate
metabolism and urea cycle were selected as key metabolic
pathways by integrated analysis based on metabolomics,
transcriptomics, and in silico modeling results. These
metabolic pathways could constitute a repair mechanism
related to green tea on chronic UVB-induced skin damage.

@ Springer

Additionally, chronic UVB irradiation also influenced the
levels of serum and hepatic lysophospholipids, SGT attenu-
ated and intensified those of changes, respectively. Among
them serum metabolites were highly correlated with skin
biomarkers. As a result, our study suggested that integrated
metabolomic analysis was effective at determining key
metabolic pathways from large amounts of data, as well as
a variety of changes caused by specific stimuli.
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