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. Extract of the Japanese apricot (JAE) has biological properties as an antioxidant and anti-inflammatory
. agent. We hypothesized that JAE might exert therapeutic effects on cigarette smoke (CS)-induced DNA
. damage and cytotoxicity. In this study, we found that concentrated JAE protects against cigarette

. smoke extract (CSE)-induced cytotoxicity and DNA damage accompanied by increased levels of

. aldehyde dehydrogenase (ALDH)2, 3A1, and Werner's syndrome protein (WRN) in immortalized

. human bronchial epithelial cells (HBEC2) and normal human epidermal keratinocytes (NHEK). Using

. the centrifugal partition chromatography (CPC) method, we identified an undescribed compound,

. 5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal (which we named FA-1), responsible

. for the protective effects against CSE. This chemical structure has not been reported from a natural

: source to date. Protective effects of isolated FA-1 against CSE were observed in both HBEC2 and NHEK
. cells. The studies described herein suggest that FA-1 isolated from JAE protects against CSE-induced

- DNA damage and apoptosis by augmenting multiple isozymes of ALDH and DNA repair and reducing

. oxidative stress.

. Japanese apricot (JA), Prunus mume, has long been popular as a health food among the South Korean, Japanese,
- and Chinese populations. Japanese apricot extract (JAE) has various beneficial biological effects, such as reducing
. oxidative stress and inflammation, and augmenting innate immunity'~>. For example, concentrated JAE may
: prevent cardiovascular disease as an anti-oxidative effect on angiotensin II-induced ROS generation®. In addi-
© tion, triterpenoids in JAE have both anti-tumor and anti-inflammatory effects’. However, the potential utility of
. JAE to provide a positive effect in smoking-associated conditions, such as COPD and skin aging has not yet been
. evaluated.

: Cigarette smoking (CS) is a major risk factor for chronic obstructive pulmonary disease (COPD)?®. CS contains
. abundant toxic chemicals, including reactive aldehydes® that cause DNA damage and cell death. Members of the
. aldehyde dehydrogenase (ALDH) superfamily, consisting of nineteen NAD(P)"-dependent isozymes in humans,
© catalyze aldehyde oxidation'’. We recently demonstrated that CS exposure induces gene expression of multiple
: isozymes of ALDH in cultured immortalized human bronchial epithelial cells (HBEC2). ALDH3A1, the most
. robustly induced isozyme among the ALDH superfamily, attenuates CS-induced DNA damage and cytotoxicity!!.
. Many different ALDH species, including ALDH 2 and 3A1, catalyze the oxidation of aliphatic, aromatic, and lipid
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Figure 1. JAE increases WRN and ALDH proteins in immortalized human bronchoepithelial cells.

(A) Immortalized HBEC2 cells were cultured in the absence or presence of CSE (0, 2, 4, and 6%) for 24h

after treatment with JAE (0, 1, 2, and 4 mg/mL) for 24 h. Cell viability was determined by the MTT assay.

(B) Immortalized HBEC2 cells were cultured in absence or presence of 1.5% CSE for 24 h after treatment with
JAE (0, 1, 2, and 4mg/mL) for 24 h. Immunoblot analysis was performed for WRN, ALDH2, and ALDH3A1
protein. Data are expressed as mean & SEM for two independent experiments with three triplicate samples.

peroxidation (LPO)-derived aldehydes, including 4-hydroxy-2-nonenal (4-HNE)!°. ALDH3A1 also attenuate
LPO-mediated growth inhibition'?, UV light-induced cytotoxicity'?, ROS-induced protein modification'?, and
genotoxin-induced DNA damage and apoptosis'"'>.

CS activates the DNA damage response (DDR) that is mediated by phosphoinositide 3-kinase related protein
kinases (PIKKs), including ataxia teleangiectasia mutated (ATM)'®!”. Upon formation of DNA double-strand
breaks (DSBs), ATM is activated by autophosphorylation at the serine 1981 residue and phosphorylates the ser-
ine 139 residue of H2AX variant (YH2AX) on chromatin flanking DSB sites. YH2AX is required to relay the
subsequent DDR signaling and DNA repair'®-2°. We previously showed that Werner’s syndrome (WRN) pro-
tein, a RecQ helicase member, plays an important role in DNA repair in CS-induced DNA damage and cellular
senescence in vitro'®. Further, CS exposure enhances proteasome-dependent degradation of WRN protein that is
detrimental as WRN protein is required to protect against CSE-induced DNA damage!®!.

In the present study, we successfully identified the novel molecule of 5-hydroxymethyl-2-furaldehyde
bis(5-formylfurfuryl) acetal (which we named FA-1) isolated from concentrated JAE. Based upon our findings,
FA-1 appears to be responsible for the protective effects of JAE on cytotoxicity, DNA damage, and oxidative stress
in cigarette smoke extract (CSE)-exposed cells. These protective effects appear to be mediated by augmented
ALDH and DNA repair.

Results

Concentrated JAE protects against CSE-induced cytotoxicity and increases ALDH and WRN
protein in immortalized human bronchial epithelial cells. To determine the effects of unpurified
Japanese apricot extract (JAE) on CSE-induced cytotoxicity, HBEC2 cells were cultured with various concen-
trations (0, 1, 2, and 4mg/mL) of JAE. JAE at all concentrations protected against CSE-induced cytotoxicity
according to the MTT assay (Fig. 1A). Furthermore, we determined the effect of JAE on ALDH and WRN protein
in vitro; HBEC2 cells were cultured with JAE (1, 2, and 4mg/mL) or the vehicle (Corresponding to 1.0% vol-
ume of sterile H,0) and JAE enhanced ALDH2, ADLH3A1, and WRN protein expression in a dose dependent
manner (Fig. 1B). These data suggest that JAE protects against CSE-induced cytotoxicity and enhances ALDH2,
ALDH3A1 and WRN protein in HBEC2.
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Figure 2. Purification scheme of FA-1 (5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal) from JAE.

Isolation and structural determination of FA-1. Concentrated JAE (250 g) was dissolved in distilled
water (1L), and ethanol (2L) was added to remove polysaccharide precipitation. Thereafter, n-hexane was added
and we performed water:chloroform extraction, obtaining the chloroform fraction (9.26 g) from the water frac-
tion. Next four subfractions (F1, F2, F3 and F4) were prepared from the chloroform fraction using an ODS col-
umn. These four subfractions were screened for their ability to protect cells in vitro from CSE induced-cytotoxicity
(data not shown). The F2 fraction conferred the highest protection against CSE induced-cytotoxicity
(Supplementary Fig. S1). Therefore, centrifugal partition chromatography (CPC) was performed using two
phases that were composed of n-hexane:ethyl acetate (EtOAc):methanol (MeOH):water = 3:7:5:6 (v/v) for direct
isolation of active compounds from the chloroform fraction. The eluate (F2, 815.25 mg) from the CPC was mon-
itored at 280 nm by UV?2, To purify active compound, FA-1 (18.53 mg) from the F2 fraction was successively
isolated and purified using preparative ODS thin layer chromatography (TLC) using 50% and 60% MeOH (Fig. 2)
as the solvent.

FA-1 confers effective protection against CSE-induced cytotoxicity, so we sought to discover the structure of
the FA-1 compound. The NMR data of FA-1 is shown in Fig. 3. "H NMR, '*C NMR spectra, and the key HMBC
correlations of FA-1 are illustrated in Fig. 3. FA-1 has the molecular formula C,iH,,0; ((M + NH,] " m/2z 378.1188
caled for C;gH,,NO,* 378.1183 ESI-TOFMS) (Fig. 3A). The structure of this compound was elucidated as a trimer
of 5-hydroxymethyl-2-furaldehyde based on their NMR spectra (‘H NMR, *C NMR, COSY, HSQC, and HMBC)
(Supplementary Fig. $2-9). On the "H NMR spectrum, two sets of similar signals of which the ratio of the inte-
gration values are almost 2:1 were shown. Both sets of these signals were assigned as the 5-hydroxy-2-furaldehyde
skeleton on the basis of a conjugated aldehyde signal (8: 178.1, &y 9.54, s), two sets of olefinic methine protons
coupling with each other with J values 3.2 and 3.5 Hz, two pairs of olefinic quaternary carbons (8¢ 151.8/157.4
and 155.1/160.2), and nonequivalent (8y 4.67, 4.69) and equivalent (8 4.47) hydroxylmethyl proton signals. In
addition, one acetal signal (8¢ 98.1, &y 5.81) was HMBC correlated with both of the furan C2 and nonequivalent
hydroxymethyl signals. Together with other key HMBC correlations shown in Fig. 3D, the structure of this active
compound was suggested to be 5-hydroxymethyl-2-furaldehyde bis (5-formylfurfuryl) acetal and was named
FA-1. The assignment of 'H and *C NMR signals are shown in Fig. 3B,C. NMR spectra are in Supplementary
Fig. S2. To our best knowledge, this compound has never been reported from a natural source so far, although a
patent containing this compound as a taste-improving agent can be found (WO 2008044784 A1 20080417).

FA-1 increases ALDH and WRN proteins in a dose dependent manner and protects against
CSE-induced cytotoxicity in immortalized human bronchial epithelial cells. To determine the
effect of FA-1 on ALDH2, ALDH3A1, and WRN protein in vitro, HBEC2 cells were cultured after treatment
with various concentrations of the FA-1 (5, 25, 50, 75, and 150 nM in DMSO (dimethyl sulfoxide)) or the vehicle
(Corresponding to 1.0% volume of DMSO). FA-1 increases ALDH2, ADLH3A1, and WRN protein expression in
a dose dependent manner (Fig. 4A). These data suggest that FA-1 enhances ALDH2, ALDH3A1 and WRN pro-
tein in HBEC?2 cells and the effect of FA-1 was same as JAE. Thus, we decided and used 150 nM concentration of
FA-1 for the next experiment. Furthermore, to determine the effects of FA-1 on CSE-induced cytotoxicity, HBEC2
cells were cultured with 2mM of N-acetyl-L-cysteine (NAC), a thiol antioxidant or 150 nM of FA-1 in vehicle
in the presence or absence of 6% CSE for 24 h. In this study, 2mM of NAC did not confer protection against 6%
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Figure 3. Determination of structure of FA-1 (5-hydroxymethyl-2-furaldehyde bis (5-formylfurfuryl)
acetal). ESI-TOFMS data (A), "H NMR data (chemical shifts in ppm and Jy; ; values in Hz) (B), *C NMR data
(chemical shifts in ppm), and HMBC correlations (D) of FA-1.

CSE-induced cytotoxicity in HBEC2. However, FA-1 protected against 6% CSE-induced cytotoxicity according
to the MTT assay (Fig. 4B). We further determined the effects of FA-1 on CSE-induced apoptosis using flow
cytometry with both PT and Annexin V staining. FA-1 attenuates CSE-induced apoptosis (Fig. 4C). These results
indicate that 150 nM of FA-1 increases ALDH and WRN protein and protects against CSE-induced apoptosis in
HBEC2 cells.

FA-1 attenuates CSE-induced oxidative damage and DNA damage in immortalized human
bronchial epithelial cells. CS exposure is known to increase protein adducts of 4-HNE, a marker of oxi-
dative stress'® and DNA damage as evidenced by an increase in phosphorylation of ATM'*. To determine the
effects of FA-1 on CS-induced oxidative stress and DNA damage, HBEC2 cells were cultured with or without
CSE in the presence or absence of 150 nM FA-1 for 24 h. We found that FA-1 attenuates accumulation of 4-HNE
protein adducts and phosphorylation of ATM in CSE-exposed HBEC2 cells (Fig. 5). These data indicate that FA-1
protects against CSE-induced oxidative stress and DNA damage in cultured HBEC2 cells.

FA-1increases ALDH2 and WRN protein and attenuates CSE-induced downregulation of WRN
protein in normal human epidermal keratinocytes. To determine the effect of FA-1 on ALDH2 and
WRN protein in vitro, NHEK cells were cultured after treatment various concentrations of the FA-1 (5, 25, 50,
75, and 150 nM in DMSO (dimethyl sulfoxide)) or the vehicle (Corresponding to 1.0% volume of DMSO). FA-1
enhanced ALDH2 and WRN protein expression in a dose dependent manner in NHEK cells (Fig. 6A). Due to the
production of low ALDH3A1 protein in NHEK cells, ALDH3A1 was not detected. These data suggest that FA-1
protects against CSE-induced cytotoxicity and enhances ALDH2 and WRN protein in HBEC2 cells and the effect
of FA-1 was same as JAE.

To determine the effects of FA-1 on CSE-induced downregulation of WRN protein, we cultured HBEC2 cells
with FA-1 (150 nM) or the vehicle in the presence or absence of 1.5% CSE. FA-1 attenuated CS-induced downreg-
ulation of WRN protein in cultured HBEC2 cells (Fig. 6B). These data indicate that FA-1 preserve WRN protein
expression and provides resistance to CS-induced downregulation.

FA-1 protects against CSE-induced cytotoxicity and DNA damage in normal human epidermal
keratinocytes. To determine the effects of FA-1 against CSE-induced cytotoxicity, NHEK cells were cultured
with FA-1 (150 nM) or the vehicle. FA-1 protected against CSE-induced cytotoxicity according to the MTT assay
(Fig. 7A). CSE exposure caused DNA damage as evidenced by an increase in phosphorylation of ATM and H2AX.
To determine the effects of FA-1 on CSE-induced DNA damage, we cultured NHEK cells with FA-1 or the vehicle
in the presence or absence of CSE. FA-1 decreased CSE-induced phosphorylation of ATM and H2AX (Fig. 7B).
These data indicate that FA-1 protects against CSE-induced cytotoxicity and DNA damage in cultured NHEK
cells.
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Figure 4. FA-1 increases ALDH and WRN proteins in a dose dependent manner and protects against cigarette
smoke-induced cytotoxicity (MTT and flow cytometry) in immortalized human bronchial epithelial cells. (A)
HBEC2 cells were cultured after treatment with various concentrations of the FA-1 (5, 25, 50, 75, and 150 nM in
DMSO (dimethyl sulfoxide)) or the vehicle (Corresponding to 1.0% volume of DMSO). (B) HBEC2 cells were
cultured with NAC (2 mM), FA-1 (150 nM), and vehicle in the presence or absence of 0 and 6% CSE for 24 h
and assayed for viability. Data are expressed as mean £ SEM (**p < 0.01) cytotoxicity in cultured immortalized
human bronchial epithelial cells; (C) Cell death was analyzed by annexin V and propidium iodide (PI) staining
24h after CSE exposure. Representative flow cytometry data are shown.

Discussion

This is the first report to demonstrate the protective effects of a novel compound, 5-hydroxymethyl-2-furaldehyde
bis(5-formylfurfuryl) acetal, from concentrated JAE on CSE-induced cytotoxicity, DNA damage and oxi-
dative stress in cultured HBEC2 and NHEK cells. We successfully isolated and determined the structure of
5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal (which we named FA-1) from concentrated JAE,
which has not been identified from a natural source to date. FA-1 protected against CSE-induced apoptotic cell
death, DNA damage, and oxidative stress in cultured HBEC2 and NHEK cells. These protective effects of FA-1
were accompanied by increased protein expression of ALDH2, ALDH3A1, and WRN protein.

Japanese apricot contains various phytochemicals, such as polyphenolic and chlorogenic acid compounds?,
and has antioxidant, anti-inflammatory, and innate immunity-enhancing biological effects'~. JAE may pre-
vent cardiovascular disease through an anti-oxidative effect on angiotensin II-induced ROS generation®.
Triterpenoids in JAE have both anti-tumor and anti-inflammatory effects’. JAE has been reported to demonstrate
an anti-inflammatory activity in vitro®. Finally, JAE has a skin-whitening effect by inhibiting melanin production
via regulation of melanogenesis-associated protein expression in melanocytes'.

In this study, we isolated and identified the novel natural product FA-1, which confers effective protection
against CSE-induced cytotoxicity in vitro, from concentrated JAE. The structure of FA-1 is based on a trimer
of 5-hydroxymethyl-2-furaldehyde (HMF). HMF has been shown to have anti-oxidant and anti-inflammatory
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Figure 5. FA-1 attenuates cigarette smoke-induced oxidative damage and DNA damage in HBEC2 cells.
HBEC?2 cells were cultured with FA-1 (150 nM) in the presence or absence of 2% CSE for 24 h and immunoblot
analysis was performed for 4-HNE and phosphorylation of ATM.
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Figure 6. FA-1 increases ALDH2 and WRN proteins in a dose dependent manner and attenuates cigarette
smoke-induced downregulation of WRN protein in normal human epidermal keratinocytes. (A) NHEK cells
were cultured after treatment with various concentrations of the FA-1 (5, 25, 50, 75, and 150 nM in DMSO
(dimethyl sulfoxide)) or the vehicle (Corresponding to 1.0% volume of DMSO). (B) NHEK cells were cultured
with FA-1 (150 nM) and vehicle in the presence or absence of 2% CSE for 24 h.

properties?>?. Furthermore, HMF significantly suppressed the hepatic levels of the pro-inflammatory response
marker tumor necrosis factor-alpha (TNF-«) and interleukin-13 (IL-13)%. Since the structure of FA-1 is based on
a trimer of 5-HME for which there is a conjugate aldehyde, it is possible that the cytoin thiol (SH) of the enzyme
and related proteins may be modified by the Michael reaction to form this compound. In the future, we will
undertake to change the aldehyde conjugation of 5-HMF by organic synthesis method and determine whether
the protective effects of FA-1 are changed.

In this study, we have shown that FA-1 protects against cigarette smoke-induced cytotoxicity and increases
ALDH?2 and 3A1 while preserving WRN protein in HBEC2 cells. Previous studies have demonstrated that JAE,
from which FA-1 is extracted, induced the activity of alcohol metabolizing enzymes, such as alcohol dehydro-
genase (ADH) and acetaldehyde dehydrogenase (ALDH)?’. While ALDH1A3, ALDH2, ALDH3A2, ALDH3BI,
ALDH5A1, ALDH19A1, ALDH16A1 and ALDH18A1 were significantly upregulated in CSE-exposed primary
HBEC2 cells, no ALDH isozymes were downregulated by CSE. We previously reported that the effects of overex-
pression or suppression of ALDH3A1 on CSE-induced cytotoxicity and DNA damage (YH2AX) were evaluated in

SCIENTIFICREPORTS| (2018) 8:11504 | DOI:10.1038/s41598-018-29701-2 6



www.nature.com/scientificreports/

m) O Vehicle m FA-1
120 -

100 ¢

o
o

60

40 1

Cell Viability (%)

20

FA-1 - - + +
(8) CSE - + - +

ATM | G o o)

Fold 1.0 45 05 05

Fold 1.0 149 12 22

Figure 7. FA-1 protects against cigarette smoke-induced cytotoxicity and DNA damage in normal human
epidermal keratinocytes. (A) NHEK MTT (3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide)-
based cell viability after treatment with FA-1 (150 nM in DMSO (dimethyl sulfoxide)) in the presence or absence
0f 0, 2, 4, and 6% CSE for 24 h. Data are expressed as mean & SEM (**p < 0.01) cytotoxicity in cultured NHEK;
(B) NHEK cells were treated with 150 nM of FA-1 in the presence or absence of 2% CSE for 24 h. Immunoblot
analysis was performed for phosphorylation of ATM and H2AX.

cultured, immortalized HBEC2 cells. Forced expression of ALDH3A1 attenuated cytotoxicity and downregulated
~H2AX!, Furthermore, Patel and colleagues also showed that both gene and protein expression of ALDH3A1
were upregulated in airway epithelial cells of smokers relative to those of nonsmokers'***. ALDH3A1-transfected
cells are more resistant to cytotoxicity by various genotoxins, such as hydrogen peroxide, 4-HNE, mitomycin C,
etoposide and ultraviolet light than are mock-transfected control cells!'-1°. Although lower intracellular con-
centration of 4-HNE promotes proliferation, antioxidant defense and compensatory mechanisms, higher con-
centration of 4-HNE triggers toxic pathways such as the induction of caspase enzymes, apoptotic cell death, and
oxidative stress. Furthermore, 4-HNE has been linked in the pathology of Alzheimer’s disease, diabetes, cataract,
and cancer®”.

We further investigated the significant activity of FA-1 that attenuated CSE-induced apoptosis and DNA dam-
age and augmented DNA repair in cultured HBEC2 and NHEK cells. FA-1 pretreatment significantly suppressed
CSE-induced DNA damage and oxidative stress and also attenuated CSE-induced apoptosis. N-acetylcysteine
(NAC) is an antioxidant drug with the potential to prevent lung injury®!-34. Treatment of alveolar type II cells
with NAC (0.5 M) for 24 hours with low concentration of CSE (1.5% and 3%) significantly decreased apopto-
sis**. However, in this study, 2mM of NAC did not confer such protection against 6% CSE-induced cytotoxicity
in HBEC2, whereas 150 nM of FA-1 did protect against 6% CSE-induced cytotoxicity. We also reported that an
antioxidant diet as compared to the regular diet significantly reduced neutrophilic inflammation and emphysema
in mice exposed to a high concentration of cigarette smoke®. Additionally, we demonstrated that the brown algae
derived compound, apo-9’-fucoxanthinone (Apo9F), confers robust protection against CSE-induced DNA dam-
age and cytotoxicity in immortalized human bronchial epithelial cells*. Hsu et al. also reported Ginkgo biloba
extract (EGDb), which is a natural product, protected against CSE-induced oxidative stress-related apoptosis in
human primary airway epithelial cells*’. Furthermore, we reported that cigarette smoke induces cellular senes-
cence and cell migration impairment via Werner’s syndrome protein down-regulation. Preservation of Werner’s
syndrome protein may represent a potential therapeutic target for smoking-related diseases'®. Hence, this obser-
vation is important because FA-1, which was isolated from concentrated JAE, augments multi-isozymes of
ALDH2 and 3A1, and preserves WRN. Finally, FA-1 protects against CSE-induced DNA damage, oxidative stress,
and apoptosis. Further studies will be required to determine the protection of FA-1 pretreatment on CS-induced
emphysema and COPD using an in vivo system.
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Materials and Methods

Chemicals, Reagents, and Antibodies. Chemicals were purchased from Sigma Aldrich (St. Louis, MO,
USA), and proteinase and phosphatase inhibitor was from Thermo Scientific (Waltham, MA, USA). Antibodies
were obtained from various sources: phosphorylation of anti-ATM (serine 1981), ALDH2, ALDH3A1 antibodies
were from Abcam (Cambridge, UK); phosphorylation of anti-H2AX antibody was from Cell signaling (Beverly,
MA); 4-HNE antibody was from R&D Systems (Minneapolis, MN); anti-( actin was from Sigma-Aldrich (St.
Louis, MO).

Isolation and Structural determination of INYP. Concentrated Japanese apricot extract, P. mume, was
provided from Fysee Inc. in South Korea and was immediately frozen and kept below —20°C until use. FA-1 was
isolated and purified as we previously described?. NMR spectra were recorded on an Agilent 600 MHz NMR
spectrometer (Agilent Technologies, Santa Clara, CA USA) in 0.4ml of CD;0D at 20 °C. Spectra were referenced
to residual solvent signals with resonances at 8y, = 3.30/49.8 ppm (CD;0D). The signals were assigned based on
the analyses of the COSY, HSQC, and HMBC spectra. MS analysis was recorded on a ESI-TOFMS (micrOTOF-Q
IL, Bruker, Billerica, MA, USA).

Cigarette Smoke Extract Preparation. Research cigarettes (3R4F) from the University of Kentucky were
purchased and used to make CSE solutions. CSE solutions were prepared as previously described®.

Cell culture and Cell viability. Immortalized human bronchial epithelial cells (HBEC2) were provided
by Drs Shay and Minna®, Southwestern Medical Center, Dallas, TX, and maintained as previously described!;
normal human epidermal keratinocytes (NHEK cells; ATCC, Manassas, VA) were cultured in keratinocyte
serum-free medium supplemented with 5 ug/L of human recombinant epidermal growth factor and 50 mg/L of
bovine pituitary extract (Invitrogen) in plates coated with FNC coating mix (Athena ES). All cells were grown
under standard incubator condition at 37 °C and with 5% CO,. Experiments were performed in 12-well and
6-well tissue culture plates at a starting cell density of 10 x 10%/cm?.

Cell viability was determined by measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) as we previously described*’. HBEC2 and NHEK cells were cultured in 12 well plates for
24 H and treated with 150 nM of FA-1 that was dissolved with DMSO (Sigma Aldrich) for 24 H. After treatment
for 24 H, the cells were exposed to various concentrations (2%, 4%, and 6%) of CSE for 24 H. Absorbance was
measured at 540 nm, and the relative cell viability of CSE-exposed cells was determined by comparing the vehicle
control cells, unexposed to CSE.

Flow Cytometric analysis of apoptotic cells.  After treatment with FA-1 (150 nM) and exposure to CSE,
cells were harvested by trypsinization. 10° cells were stained in 1 x binding buffer (0.01 M HEPES, pH 7.4; 0.14 M
NaCl; 0.25 mM CaCl,) using 10 uL of propidium Iodide (PI) and 5uL of Annexin V-FITC (BioLegend, San Diego,
CA, USA). The cells were incubated in the dark room for 15 min at room temperature and the percentage of
FITC- and PI-positive cells were quantified using FACS Canto-II flow cytometer (BD Biosciences, San Jose, CA,
USA) and were analyzed using Flowjo software (version 7.6.3; TreeStar, San Carlos, CA, USA).

Immunoblot analysis. After treatment with FA-1 (150 nM) and exposure to CSE, we harvested cell lysate
with 1X RIPA buffer (Sigma-Aldrich), including protease and phosphatase inhibitor (Thermo Fisher). Protein
concentration was determined with BCA protein assay reagent (Thermo Fisher). Protein samples were separated
with SDS-PAGE and transferred to polyvinylidene fluoride membrane. The membrane was blocked with 5%
non-fat milk in TBS with 0.5% Tween-20, and incubated with primary and second antibodies, and visualized
with enhanced chemiluminescence reagent (Advansta). The approximate positions (kDa) of prestained protein
standard (Bio-Rad) are indicated on the right of the blots. Equivalent loading was verified by stripping the blot
and reprobing with antibodies to (3-actin. Relative quantification of signal intensity was determined using image
Lab software (Bio-Rad, Hercules, CA, USA) and expressed as a relative densitometry.

Statistical analysis. For all comparisons involving multiple treatment groups, one-way ANOVA was used
to identify treatment effects. p-values, based on calculated contrasts, were used to assess the individual treat-
ment effects. The results are expressed graphically as the mean &+ SEM, and p < 0.05 was considered statistically
significant.

References

1. Pi, K. & Lee, K. Prunus mume extract exerts antioxidant activities and suppressive effect of melanogenesis under the stimulation by
alpha-melanocyte stimulating hormone in B16-F10 melanoma cells. Bioscience, biotechnology, and biochemistry 81, 1883-1890
(2017).

2. Kim, M. S. et al. Fructus mume Ethanol Extract Prevents Inflammation and Normalizes the Septohippocampal Cholinergic System
in a Rat Model of Chronic Cerebral Hypoperfusion. Journal of medicinal food 19, 196-204 (2016).

3. Utsunomiya, H. et al. Fruit-juice concentrate of Asian plum inhibits growth signals of vascular smooth muscle cells induced by
angiotensin I Life sciences 72, 659-667 (2002).

4. Jung, B. G. et al. Inmune-enhancing effect of fermented Maesil (Prunus mume Siebold & Zucc.) with probiotics against Bordetella
bronchiseptica in mice. The Journal of veterinary medical science 72, 1195-1202 (2010).

5. Morimoto-Yamashita, Y. ef al. A natural therapeutic approach for the treatment of periodontitis by MK615. Medical hypotheses 85,
618-621 (2015).

6. Yan, X. T. et al. Evaluation of the antioxidant and anti-osteoporosis activities of chemical constituents of the fruits of Prunus mume.
Food chemistry 156, 408-415 (2014).

7. Kawahara, K. et al. Mechanism of HMGBI release inhibition from RAW264.7 cells by oleanolic acid in Prunus mume Sieb. et Zucc.
International journal of molecular medicine 23, 615-620 (2009).

SCIENTIFICREPORTS| (2018) 8:11504 | DOI:10.1038/s41598-018-29701-2 8



www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

. Han, M. K. Update in chronic obstructive pulmonary disease in 2010. American journal of respiratory and critical care medicine 183,

1311-1315 (2011).

. Hoffmann, D. & Hoffmann, I. The changing cigarette, 1950-1995. Journal of toxicology and environmental health 50, 307-364 (1997).
. Marchitti, S. A., Brocker, C., Stagos, D. & Vasiliou, V. Non-P450 aldehyde oxidizing enzymes: the aldehyde dehydrogenase

superfamily. Expert opinion on drug metabolism & toxicology 4, 697-720 (2008).

Jang, J. H. et al. Aldehyde dehydrogenase 3A1 protects airway epithelial cells from cigarette smoke-induced DNA damage and
cytotoxicity. Free radical biology & medicine 68, 80-86 (2014).

Canuto, R. A. et al. Inhibition of class-3 aldehyde dehydrogenase and cell growth by restored lipid peroxidation in hepatoma cell
lines. Free radical biology & medicine 26, 333-340 (1999).

Pappa, A., Chen, C,, Koutalos, Y., Townsend, A. J. & Vasiliou, V. Aldh3al protects human corneal epithelial cells from ultraviolet-
and 4-hydroxy-2-nonenal-induced oxidative damage. Free radical biology & medicine 34, 1178-1189 (2003).

Uma, L., Hariharan, J., Sharma, Y. & Balasubramanian, D. Corneal aldehyde dehydrogenase displays antioxidant properties.
Experimental eye research 63, 117-120 (1996).

Lassen, N. et al. Antioxidant function of corneal ALDH3A1 in cultured stromal fibroblasts. Free radical biology & medicine 41,
1459-1469 (2006).

Nyunoya, T. et al. Cigarette smoke induces cellular senescence via Werner’s syndrome protein down-regulation. American journal
of respiratory and critical care medicine 179, 279-287 (2009).

Volonte, D., Kahkonen, B., Shapiro, S., Di, Y. & Galbiati, F. Caveolin-1 expression is required for the development of pulmonary
emphysema through activation of the ATM-p53-p21 pathway. The Journal of biological chemistry 284, 5462-5466 (2009).

Mah, L. ], El-Osta, A. & Karagiannis, T. C. gammaH2AX: a sensitive molecular marker of DNA damage and repair. Leukemia 24,
679-686 (2010).

Sak, A. & Stuschke, M. Use of gammaH2AX and other biomarkers of double-strand breaks during radiotherapy. Seminars in
radiation oncology 20, 223-231 (2010).

Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and disease. Nature 461, 1071-1078 (2009).

Jang, J. H. et al. Acrolein-exposed normal human lung fibroblasts in vitro: cellular senescence, enhanced telomere erosion, and
degradation of Werner’s syndrome protein. Environmental health perspectives 122, 955-962 (2014).

Lee, J. H. et al. Preparative isolation and purification of phlorotannins from Ecklonia cava using centrifugal partition chromatography
by one-step. Food chemistry 158, 433-437 (2014).

Nyunoya, T. et al. Cigarette smoke induces cellular senescence. American journal of respiratory cell and molecular biology 35,
681-688 (2006).

Mitani, T. et al. Phenolics profile of mume, Japanese apricot (Prunus mume Sieb. et Zucc.) fruit. Bioscience, biotechnology, and
biochemistry 77, 1623-1627 (2013).

Li, W. et al. Ameliorative effects of 5-hydroxymethyl-2-furfural (5-HMF) from Schisandra chinensis on alcoholic liver oxidative
injury in mice. International journal of molecular sciences 16, 2446-2457 (2015).

Chen, P. X. et al. 5-hydroxymethyl-2-furfural and derivatives formed during acid hydrolysis of conjugated and bound phenolics in
plant foods and the effects on phenolic content and antioxidant capacity. Journal of agricultural and food chemistry 62, 4754-4761
(2014).

Hwang, J. Y., Ham, J. W. & Nam, S. H. Effect of Maesil (Prunus mume) Juice on the Alcohol Metabolizing Enzyme Activities. Korean
Journal of Food Science and Technology 36, 329-332 (2004).

Patel, M. et al. ALDH1A1 and ALDH3AL1 expression in lung cancers: correlation with histologic type and potential precursors. Lung
cancer 59, 340-349 (2008).

Negre-Salvayre, A. et al. Pathological aspects of lipid peroxidation. Free radical research 44, 1125-1171 (2010).

Dalleau, S., Baradat, M., Gueraud, F. & Hug, L. Cell death and diseases related to oxidative stress: 4-hydroxynonenal (HNE) in the
balance. Cell death and differentiation 20, 1615-1630 (2013).

Stav, D. & Raz, M. Effect of N-acetylcysteine on air trapping in COPD: a randomized placebo-controlled study. Chest 136, 381-386
(2009).

Sadowska, A. M., Verbraecken, J., Darquennes, K. & De Backer, W. A. Role of N-acetylcysteine in the management of COPD.
International journal of chronic obstructive pulmonary disease 1, 425-434 (2006).

Messier, E. M. et al. N-acetylcysteine protects murine alveolar type II cells from cigarette smoke injury in a nuclear erythroid
2-related factor-2-independent manner. American journal of respiratory cell and molecular biology 48, 559-567 (2013).

Cai, S., Chen, P, Zhang, C., Chen, J. B. & Wu, J. Oral N-acetylcysteine attenuates pulmonary emphysema and alveolar septal cell
apoptosis in smoking-induced COPD in rats. Respirology 14, 354-359 (2009).

Nyunoya, T., March, T. H., Tesfaigzi, Y. & Seagrave, ]. Antioxidant diet protects against emphysema, but increases mortality in
cigarette smoke-exposed mice. Copd 8, 362-368 (2011).

Jang, J. H. et al. APO-9'-Fucoxanthinone Extracted from Undariopsis peteseniana Protects Oxidative Stress-Mediated Apoptosis in
Cigarette Smoke-Exposed Human Airway Epithelial Cells. Marine drugs 14 (2016).

Hsu, C. L., Wu, Y. L., Tang, G. J,, Lee, T. S. & Kou, Y. R. Ginkgo biloba extract confers protection from cigarette smoke extract-
induced apoptosis in human lung endothelial cells: Role of heme oxygenase-1. Pulmonary pharmacology & therapeutics 22, 286-296
(2009).

Ramirez, R. D. et al. Immortalization of human bronchial epithelial cells in the absence of viral oncoproteins. Cancer research 64,
9027-9034 (2004).

Wang, Q. et al. RIP1 potentiates BPDE-induced transformation in human bronchial epithelial cells through catalase-mediated
suppression of excessive reactive oxygen species. Carcinogenesis 34,2119-2128 (2013).

Acknowledgements

This manuscript was supported in part by the VA merit review grant, Japan Society for the Promotion of Science
(JSPS) KAKENHI grant in aid for scientific research no. 17H03809 and that on Innovation Area, Frontier
Research on Chemical Communications no. 17H06406 to M.Y.Y., and Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of Education (2017018969).

Author Contributions

A.J.J.and T.N. designed the research. ].D.P. provided concentrated Prunus M. for research. J.H.L. and Y.J.J. isolated
FA-1 from concentrated Prunus M. M.Y.Y. determined the structure of FA-1, and A.].].,, TN., S.K, R.L.B. and
M.J.P. wrote the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29701-2.

Competing Interests: The authors declare no competing interests.

SCIENTIFICREPORTS| (2018) 8:11504 | DOI:10.1038/s41598-018-29701-2 9


http://dx.doi.org/10.1038/s41598-018-29701-2

www.nature.com/scientificreports/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11504 | DOI:10.1038/s41598-018-29701-2 10


http://creativecommons.org/licenses/by/4.0/

	A Novel Compound, “FA-1” Isolated from Prunus mume, Protects Human Bronchial Epithelial Cells and Keratinocytes from Cigare ...
	Results

	Concentrated JAE protects against CSE-induced cytotoxicity and increases ALDH and WRN protein in immortalized human bronchi ...
	Isolation and structural determination of FA-1. 
	FA-1 increases ALDH and WRN proteins in a dose dependent manner and protects against CSE-induced cytotoxicity in immortaliz ...
	FA-1 attenuates CSE-induced oxidative damage and DNA damage in immortalized human bronchial epithelial cells. 
	FA-1 increases ALDH2 and WRN protein and attenuates CSE-induced downregulation of WRN protein in normal human epidermal ker ...
	FA-1 protects against CSE-induced cytotoxicity and DNA damage in normal human epidermal keratinocytes. 

	Discussion

	Materials and Methods

	Chemicals, Reagents, and Antibodies. 
	Isolation and Structural determination of JNYP. 
	Cigarette Smoke Extract Preparation. 
	Cell culture and Cell viability. 
	Flow Cytometric analysis of apoptotic cells. 
	Immunoblot analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 JAE increases WRN and ALDH proteins in immortalized human bronchoepithelial cells.
	Figure 2 Purification scheme of FA-1 (5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal) from JAE.
	Figure 3 Determination of structure of FA-1 (5-hydroxymethyl-2-furaldehyde bis (5-formylfurfuryl) acetal).
	﻿Figure 4 FA-1 increases ALDH and WRN proteins in a dose dependent manner and protects against cigarette smoke-induced cytotoxicity (MTT and flow cytometry) in immortalized human bronchial epithelial cells.
	Figure 5 FA-1 attenuates cigarette smoke-induced oxidative damage and DNA damage in HBEC2 cells.
	Figure 6 FA-1 increases ALDH2 and WRN proteins in a dose dependent manner and attenuates cigarette smoke-induced downregulation of WRN protein in normal human epidermal keratinocytes.
	Figure 7 FA-1 protects against cigarette smoke-induced cytotoxicity and DNA damage in normal human epidermal keratinocytes.




