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Abstract

YPL-001 is a drug substance of Pseudolysimachion rotundum var. subintegrum and has been reported to be a potent
COPD inhibitor. For the first time, this study demonstrated a correlation among the iridoid constituents, antioxidants,
and MUC5AC inhibition activities in P rotundum during different growth stages (5 to 11 weeks). Single-factor extrac-
tion was used to optimize the plant extraction conditions to maximize the major iridoid constituents (70% ethanol,
40 °C, 1 h); isolated metabolites 1-6 were identified using nuclear magnetic resonance spectroscopy (NMR) and mass
spectrometry (MS). The contents of each metabolite and antioxidant/MUC5AC inhibition effects were markedly
changed according to the growth stages, especially for catalposide (2, 5.97 — 10.99 mg/g, 1.8-fold) and isovanillyl
catapol (5, 4.42 — 20.00 mg/g, 4.5-fold), which were the predominant substances in August. Our results indicated
that YPL-001 could potentially contribute to enhancing the P rotundum value in accumulated iridoids at the growth
stage and the biological effect aspects to develop industrial medicinal crops.
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Introduction
Pseudolysimachion rotundum var. subintegrum, belong-
ing to the Plantaginaceae family, grows in many parts
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in human lung cell lines and in a mouse model of
asthma. YPL-001 successfully completed Clinical Trial
Phase 2a (ClinicalTrials.gov identifier: NCT02272634,
USA) as a potent therapeutic agent against COPD
(https://clinicaltrials.gov/ct2/show/NCT02272634?
term=NCT02272634 &draw=2&rank=1, accessed
01.25.23). A previous study reported phytochemicals
in the chemical composition of P. rotundum, including
plant extracts and YPL-001. However, few studies have
reported phytochemical changes through growth stage
properties in the aerial parts of P rotundum.

Plant phytochemical properties and content at the
optimal stage of maturity have a significant impact on
dry weight, quality and biological activity [6]. First,
abiotic factors such as temperature extremes, drought,
flooding, salinity, and heavy metal stress are major
yield-limiting factors because they affect plant crop
growth and yield formation [7]. Therefore, plant qual-
ity control can be attributed to growth changes accord-
ing to maturation and growth stages and responses to
microclimates such as temperature, precipitation, and
humidity of crops in the cultivated environment [8].
Second, each of these biotic factors includes plants,
animals, fungi, and bacteria that directly or indirectly
affect each of the other organisms in an ecosystem
through various types of interactions [9]. Therefore, in
recent years, this aspect has been considered from the
beginning to the final stage of CMC (chemistry, manu-
facturing, control) of botanical raw material and drug
substances in drug development using natural mate-
rials. Metabolic analysis related to the ripening and
growth stages of plants using GC-MS, LC-MS, NMR,
and combination tools in the CMC strategy can aid in
the understanding of phytochemical diversity [10—16].

The aim of this study was to compare the metabo-
lome profile of this plant during the flowering period of
July-August, which has the most ornamental value dur-
ing the growth phase, and to elucidate the bioactive iri-
doid glycoside metabolites. Through multivariate data
analyses such as principal component analysis (PCA),
orthogonal partial least squares discriminant analysis
(OPLS-DA), and S-plot using ultraperformance liquid
chromatography coupled with Q-TOF mass spectrom-
etry (UPLC-Q-TOF/MS), variations in the metabolite
profiles of the aerial parts of P. rotundum were investi-
gated. In addition, P. rotundum extracts during growth
stages were evaluated to confirm simple antioxidant
activities and MUC5AC inhibitory effects. Based on
our results, we expect to be able to determine the opti-
mal harvesting stage for industrially available drug sub-
stances from the aerial parts of P. rotundum.
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Materials and methods

Plant materials

The seeds of Pseudolysimachion rotundum var. subinte-
grum were provided by Dr. Jeong Hoon Lee [Department
of Herbal Crop Research, National Institute of Horticul-
tural and Herbal Science (NIHHS), RDA] in September
2020 and were cultivated and collected in a well-con-
trolled glass greenhouse at the KRIBB, Cheong-ju, Korea.
The plant was reidentified at IBMRC, KRIBB, and depos-
ited KRIBB as a voucher specimen (KRIB 0020697). The
soil type (pH, organic matter, electrical conductivity, and
soil classification) and climate condition (average and/or
min-max temperatures, humidity, rain, etc.) for cultiva-
tion consisted of the area in which the plant material is
present as described in Additional file 1: Table S1 (Eco-
Friendly Agriculture Center, Sunchon National Univer-
sity). The seeds were distributed over a seeding tray (50
holes, 54x28 cm, 4.5%4.5x5.0 cm/hole, 70 cc/hole) at
a density of 3—4 seeds per pot. Five weeks after germi-
nation, the plants were transplanted to an open field in
KRIBB (36°43’12.6” N 127°26’1.6” E). The dates for germi-
nation and transplantation were May 3, 2021, and June 7,
2021, respectively. The plants were harvested once every
2weeks over a period of 2months: July 15, 2021, (5th
week after transplant) up to August 26, 2021, (13th week
after transplant) (Additional file 1: Table S2). Collected
plants were rapidly lyophilized, ground, and stored sealed
at —20 °C for 15 weeks for analysis.

Instruments and chemicals

High-speed countercurrent chromatography (HSCCC)
was carried out with a TBE-1000 A high-speed coun-
tercurrent chromatography system (Shanghai Tauto
Biotech Co. Ltd., Shanghai, China) with three serially
connected multilayer coil separation columns and an 80
mL line. The system was equipped with an LPLC pump
(TBP5002, Shanghai Tauto Biotech Co. Ltd., Shanghai,
China), an SSI 500 UV detector (Thermo Electron Co.,
San Jose, CA), and the Autochro-WIN program (version
3.0, Younglin-Tech, Seoul, Korea). NMR spectra were
measured on a Bruker AMS500 instrument (Billerica,
Massachusetts, USA). Organic solvents (HPLC grade)
from Merck (Darmstadt, Germany), formic acid from
Sigma—-Aldrich (St. Louis, MO, USA), and NMR solvents
from Cambridge Isotope Lab Inc. (Andover, MA, USA)
were purchased and used. Ultra-pure water was prepared
using a purification system (Milli-Q Academic, Merck
Millipore).
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Sample extraction

A total of 500 mg of a dry pulverized sample of the aer-
ial parts of P rotundum was weighed, 10 mL of 10, 30,
50, 70, and 95% ethanol (EtOH) was added, the sample
was extracted three times at room temperature over a
2 h period, and the experiment was repeated 5 times for
each concentration. The supernatant was filtered through
Whatman filter paper No. 1, and the filtered extract was
concentrated using a fully automatic high-speed rotary
concentrator (Biotage V10-Touch). The weight was meas-
ured to calculate the yield. The extract was centrifuged,
HPLC analysis was performed with 1 mL of the super-
natant, and the relative content of verproside was com-
pared to confirm the optimal solvent conditions. A total
of 500 mg of a dry pulverized sample of P rotundum
was weighed, 10 mL of 70% EtOH was added, the sam-
ple was placed in a water bath at 25, 30, 40, 50, 70, and
90 °C and extracted three times over a 2h period, and the
experiment was repeated 5 times for each concentration.
To check the temperature and time conditions, extrac-
tion was performed under 70% EtOH conditions in a 25,
30, 40 °C water bath, and the extraction time was 1, 2, 4,
6 h. Filtration and concentration of the extract were per-
formed under the same conditions as in the experiment
under the optimal solvent conditions.

Data processing and multivariate analysis

Analysis was performed on an I-Class (Waters Corp.,
Milford, MA, USA) instrument equipped with a BEH
C18 column. The column oven was set at 35 °C, and the
tray was at 4 °C. The mobile phase used for the analysis
was commonly used A (0.1% FA in water (v/v)) and B
(0.1% FA (v/v) in acetonitrile). For analysis, the flow rate
was 0.4 mL/min, and the sample injection volume was
2 pL. The solvent composition for UPLC was as follows:
0-1 min, 5% B; 1-20 min, 100% B; 20-22.3 min, 100%
B; 22.3-22.4 min, 5% B; and 22.4-25 min, 5% B. Mass
spectrometry (anion and cation modes) was analyzed
using a Xevo G2-S (Waters Corp., Milford, MA, USA).
The detailed MS analysis conditions were set as follows:
3.0 kV capillary, 110 °C source temperature, 40 V cone
voltage, 50 L/h cone gas flow, 350 °C desolvation tem-
perature, and 800 L/h desolvation gas flow. Accurate
mass measurements were obtained with an automatic
calibrated delivery system using an internal standard
(leucine-enkephalin).

All MSF results collected by analysis were processed
through the UNIFI program (Waters Corp., Milford,
USA). MSE results were processed through a vertex-peak
detection and alignment algorithm and analyzed with
Progenesis QI software. (Waters Corp, Milford, USA).
The intensity of each ion was calculated as the peak area
by normalizing the total ion count to the retention time
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and m/z value to generate a data matrix. To perform mul-
tivariate statistical analysis, three-dimensional data com-
posed of RT-m/z pair, name, and areas were converted
to the EZinfo program (UMETRICS). Metabolites were
aligned, and peak areas were normalized and exported to
SIMCA-P +12.0 (Umetrics, Umed, Sweden) for multivar-
iate analysis. The data were mean-centered and Pareto-
scaled before PCA, PLS-DA, and OPLS-DA.

Extraction and isolation of phytochemicals

The dried aerial parts of P rotundum (2.0 kg) were
immersed in CH;0H (10 L, X 3) at room temperature,
and the solvent was concentrated using an evaporator
under reduced pressure at 40 °C to obtain the methanolic
extract (198.7 g). A portion of the methanolic extract
(30 g) was subjected to C18 column chromatography
using MeOH-H,0O (3:97, 25:75, 65:35, 100:0 v/v) to give
four fractions (PL-1 to PL-4). Fraction PL3 (5g) was fur-
ther fractionated by medium-pressure liquid chroma-
tography (MPLC) with an RP C-18 column (5 X 49 cm,
40C,5-prep) eluted with MeOH-H,O (20:80, 30:70, 40:60
v/v, step gradient) to provide five fractions (PL3m-1 to
PL3m-5). Fraction PL3m-1 (1.2 g) was subjected to pre-
parative HPLC using MeOH-H,O (1:2, v/v) to produce
compound 1 (500 mg). Fraction PL3m-2 (800 mg) was
purified by Sephadex LH-20 (2.5x 170 ¢cm) column chro-
matography eluted with 90% MeOH to give four subfrac-
tions, PL3m—-2-1 to PL3m—-2-4. Subfraction PL3m-2-1
(52.6 mg) was purified by prep-HPLC using an Atlantis®
T; column (5 pm particle size, 19 x 250 mm; mobile phase
of 18% ACN in H,0; flow rate of 16 mL/min; UV detec-
tion at 263 nm] to obtain compound 2 (12.5 mg). Com-
pounds 3 (19.7 mg) and 5 (28.7 mg) were obtained from
the purification of a portion of fraction PL3m—4 (2.8 g)
by HSCCC [n-BuOH/H,0=1:1 v/v, upper phase for
the stationary phase, lower phase for the mobile phase;
loading sample: 100 mg; flow rate: 5.5 mL/min; 600 rpm;
forward; UV: 263 nm]. Fraction PL3m—4 (18.3 mg) was
isolated by preparative HPLC [Atlantis® prep T; OBD™
column (5 pm particle size, 19250 mm); mobile phase
18% ACN in H,O; flow rate 16 mL/min; UV detection at
263 nm] to give compound 4 (5.4 mg). Fraction PL3m-5
(50.6 mg) was further separated with an RP-C18 MPLC
column eluting with a gradient of MeOH-H,O (4:6, 5:5,
6:4, 7:3, 10:0) to produce compound 6 (1.9 mg).

Verproside (1)

The characteristics of verproside (1) are as follows: white
amorphous powder; m.p. 145-150 °C; [a]* -153.7°
(c 0.1, CH;0H); HRESIMS (negative) m/z 497.1366
[M—H], caled for C,,H,:0,; 497.1354. ' H NMR
(400 MHz, DMSO-dy) 8 2.46 (1 H, d, J/=8.4, H-9), 2.59
(1 H, dddd, J=1.6, 4.0, 8.0, 8.0, H-5), 3.00 (1 H, m, H-G4),
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3.05 (1 H, m, H-G2), 3.14 (1 H, m, H-G5), 3.18 (1 H,
m, H-G3), 3.42, 3.71 (2 H, m, H-G6), 3.67 (1 H, s, H-7),
3.71,3.91 (2 H, d, J=13.2 Hz, each, H-10), 4.61 (1 H, d,
J=7.6 Hz, H-G1), 4.94 (1 H, dd, J=4.0, 6.0 Hz, H-4), 5.03
(1H, d,J=8.0 Hz, H-6), 5.09 (1 H, d, J=9.2 Hz, H-1), 6.41
(1 H, d, J=5.6 Hz, H-3), 6.82 (1 H, d, /J=8.0 Hz, H-5),
7.35 (1 H, dd, J=2.0, 8.0 Hz, H-6"), 7.39 (1 H, d, J=2.0 Hz,
H-2)) [17].

Catalposide (2)

The characteristics of catalposide (2) are as follows: crys-
talline needles; m.p. 215-216 °C; [a]*°, -166.0° (c 0.58,
CH,;OH); HRESIMS (negative) m/z 481.1327 [M—H]~,
caled for C,,H,:0,, 481.1346. ' H-NMR (400 MHz,
DMSO-dy) 8y 2.47 (1 H, dd, J=8.0, 9.6 Hz, H-9), 2.56
(1 H, dddd, J=1.2, 4.0, 8.0, 8.0 Hz, H-5), 3.00 (1 H, m,
H-G4), 3.05 (1 H, m, H-G2), 3.14 (1 H, m, H-G5), 3.18
(1 H, m, H-G3), 3.43, 3.72 (2 H, m, H-G6), 3.69 (1 H, br
s, H-7), 3.72, 3.92 (2 H, d, /=13.2 Hz, each, H-10), 4.62
(1 H, d, J=8.0 Hz, H-G1), 4.96 (1 H, dd, J=4.0, 6.0 Hz,
H-4), 5.05 (1 H, dd, J=1,2, 8.0 Hz, H-6), 5.11 (1 H, d,
J=9.6 Hz, H-1), 6.42 (1 H, dd, J=1.2. 6.0 Hz, H-3), 6.86
(2 H, d, J=8.0 Hz, H-3, 5’), 7.85 (2 H, d, J=2.0 Hz, H-2,
6’) [17].

Picroside Il (3)

The characteristics of picroside II (3) are as follows:
light brownish powder; m.p. 137-140 °C; [a]*’;, -158.7°
(c 0.11, CH;0OH); HRESIMS (negative) m/z 511.1475
[M—H]", caled for CyH,,0,; 511.1604. ' H-NMR
(400 MHz, DMSO-d ¢) 6y 5.11 (d, J=9.3 Hz, H-1), 6.42
(d, J=5.8 Hz, H-3), 4.97 (dd, J=5.8, 4.4 Hz, H-4), 2.58
(dd, /=9.3, 7.6 Hz, H-5), 5.06 (d, J=7.6 Hz, H-6), 3.67 (br
s, H-7), 2.47 (d, J=9.3 Hz, H-9), 3.72 (m, H-10), 3.93 (d,
J=13.2 Hz, H-10), 7.46 (s, H-2"), 6.85 (d, J=7.6 Hz, H-5),
7.52 (d, J=7.6 Hz, H-6), 4.63 (d, J=7.6 Hz, H-Glc-1"),
3.07 (dd, J=8.0, 7.6 Hz, H-Glc-2”), 3.18 (m, H-Glc-3"),
3.03 (m, H-Glc-4”), 3.14 (m, H-Glc-5”), 3.44 (dd, J=13.2,
6.4 Hz, H-Glc-6"), 3.72 (d, J=13.2 Hz, H-Glc-6), 3.82 (5,
3-OCH,) [18].

Verminoside (4)

The characteristics of verminoside (4) are as follows:
yellow solid; m.p. 129.0-130.0 °C; [a]** -180.0° (¢ 0.7,
CH,OH); HRESIMS (negative) m/z 523.1436 [M—H]~,
caled for C,,H,,0;; 523.1452. ' H-NMR (400 MHz,
DMSO-dy) 6, 5.08 (d, J=9.2 Hz, H-1), 6.42 (d, J=6.0 Hz,
H-3), 4.93 (d, J=5.2, 8.8 Hz, H-4), 2.47 (br s, H-5), 4.99
(d, J=6.8 Hz, H-6), 3.64 (br s, H-7), 2.43 (br d, J=7.6 Hz,
H-9), 3.71 (br d, J=12.8 Hz, H-10), 3.91 (br d, J=13.2 Hz,
H-10), 7.09 (d, J=2.0 Hz, H-2), 6.78 (d, J=8.4 Hz, H-5),
7.04 (dd, J=2.4, 8.4 Hz, H-6), 7.54 (d, J=15.6 Hz, H-7),
6.34 (d, J=15.6 Hz, H-8), 4.61 (d, J=7.6 Hz, H-Glc-1"),
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3.04 (m, H-Glc-2"), 3.19 (m, H-Glc-3”), 3.04 (m, H-Glc-
4”), 3.15 (m, H-Glc-5"), 3.42 (dd, J=7.6, 12.0 Hz, H-Glc-
6”) 3.71 (br d, J=12.8 Hz. H-Glc-6”) [19].

Isovanillyl catalpol (5)

The characteristics of isovanillyl catalpol (5) are as fol-
lows: light brownish powder; m.p. 145-150 °C; [a]*’,
-98.1° (¢ 0.199, CH;OH:CHCI, 1:1); HRESIMS (negative)
m/z 511.1478 [M—H]~, calcd for C,,H,,O;5 511.1452.
! H-NMR (400 MHz, DMSO-d) & 5.10 (d, J=9.2 Hz,
H-1), 6.42 (dd, /=6.0 Hz, 1.6, H-3), 4.95 (dd, J=6.0,
4.0 Hz, H-4), 2.50 (m, H-5), 5.05 (dd, /=8.4, 1.2 Hz,
H-6), 3.72 (d, J=8.4 Hz, H-7), 2.47 (d, J=9.2 Hz, H-9),
3.72 (d, J=13.2 Hz, H-10), 3.92 (d, J=13.2 Hz, H-10),
7.41 (d, J=2.0 Hz, H-2’), 7.04 (d, /=8.4 Hz, H-5"), 7.48
(dd, J=8.4 Hz, 2.0, H-6"), 4.63 (d, J/=7.6 Hz, H- Glc-1"),
3.05 (d, /J=7.6 Hz, H-Glc-2"), 3.17 (m, H-Glc-3"), 3.02
(d, /=8.0 Hz, H-Glc —4"), 3.14 (m, H-Glc-5""), 3.43
(dd, J=13.2 Hz, 6.8, H-Glc-6"), 3.72 (dd, J=13.2 Hz, 6.0,
H-Glc-6"), 3.84 (s, 4-OCH,) [20].

6-0 -Veratroyl catalpol (6)

The characteristics of 6-O-veratroyl catalpol (6) are as fol-
lows: crystalline needles; m.p. 216-218 °C; [a]*, -163.7°
(¢ 0.1, CH;OH); HRESIMS (negative) m/z 525.1580
[M—H]", caled for C,,H,,O,; 525.1608. ' H-NMR
(400 MHz, DMSO-d,) 6, 5.11 (d, /=9.02 Hz, H-1), 6.43
(dd, J=2.0, 6.0 Hz, H-3), 4.97 (d, H-4), 2.59 (m, H-5), 5.09
(d, J=8.8 Hz, H-6) 3.71 (br s, H-7), 2.47 (m, H-9), 3.71 (d,
H-10), 3.92 (d, J=13.2 Hz, H-10) 7.47 (d, J=2.4 Hz, H-2)
7.10 (d, J=8.8 Hz, H-5"), 7.45 (dd, /=2.0, 8.4 Hz, H-6'),
4.62 (d, J=7.6 Hz, H-Glc-1”), 3.06 (d, /=8.0, 7.6 Hz,
H-Glc-2”), 3.17 (m, H-Glc-3”), 3.02 (m, H-Glc-4"), 3.14
(m, H-Glc-5”), 3.43 (dd, J=13.2, 6.4 Hz, H-Glc-6"), 3.72
(d, J=13.2 Hz, H-Glc-6”) [20].

Preparation of sample, quantification and validation
UPLC-QTOF-MS profiling conditions

The compounds from the P. rotundum extract (1 mg/mL,
2 pL) were analyzed using UPLC-PDA-QTOF-MS. The
gradient included A and B mobile phase solutions (A:
water with 0.1% FA; B: can with 0.1% FA) as follows: 0.0—
1.0 min, 12% B; 1.0-9.0 min, 12-13% B; 9.0-10.0 min,
13-14% B; 10.0-13.0 min, 14% B; 13.0-15.0 min, 14—-18%
B; 15.0-16.5 min, 18-22% B; 16.5-20.0 min, 22 —14% B;
20.0-20.1 min, 22-100% B; and 20.1-22.5 min, 100% B.
MS was performed in negative ion mode ([M—H]"). N,
was used as the desolvation gas, and the desolvation tem-
perature was set to 350 °C at flow rates of 800 L/h and
50 L/h with a source temperature of 110 °C. The capillary
and cone voltages were set to 2.3 kV and 40 V, respec-
tively. The data for each sample were collected with a
scan time of 0.25 s and a 0.01 s interscan delay. Leucine
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enkephalin was used as the reference compound (m/z
554.2615, ESI™). The analysis was performed on a UPLC
T3 column (Waters Corporation, Milford, MA). Exact
MS, MS/MS, and elemental analysis were confirmed
using UNIFI (v1.9, Waters) software incorporated into
the Waters instrument.

Limit of detection, limit of quantification, analytical curve
and linearity, recovery, selectivity and matrix effect

LC analysis of the extract was performed to determine
whether the six compounds selected as marker compo-
nents were included in the 70% EtOH extract. The cali-
bration curves and quantification were analyzed under
the same conditions as those used for MS profiling. The
peak areas of major marker components 1-6 at different
growth periods were integrated from the chromatogram
at 254 nm using processing instrument control software.
Peak areas integrated into linear models of standard cali-
bration curves of six components were calculated, and
the content of each compound was calculated and com-
paratively analyzed to determine the optimal harvest time
for P. rotundum. Standard stock solutions (1 mg/mL) of
six iridoids were prepared in EtOH, and the calibration
curve was plotted using linear regression by 6-point dilu-
tion with a concentration range of 0.5-500 pg/mL. LODs
were set using an equation of 3.30/S, and the LOQs were
set using an equation of 100/S. It was reviewed accord-
ing to the ICH guidelines for pharmaceuticals (ICH,
2005). To determine the accuracy of the developed assay,
interday and intraday variability was checked with 3 dif-
ferent concentrations and 6 replicate assays over 3 con-
secutive days. Precision was determined by the RSD
as a change in peak area, and accuracy was assessed by
standard recovery from the extract. Six repetitions were
performed to evaluate all experiments, and the average
recovery was determined [Recovery (%) = (measured/
original) X 100%]. Acceptable recoveries ranging from 70
to 120% and RSD below 20% were set considering recom-
mended values.

Total polyphenol and total flavonoid contents

The total phenol content (TPC) of P rotundum was
determined according to the Folin-Denis reagent method
[21]. In this assay, 10 puL of samples, 10 pL of 2% Na,CO,,
and 10 pL of 50% reagent were mixed, the absorbance
was measured at 725 nm, and the gallic acid equivalent
was quantified using a standard curve. The total flavonoid
content (TFC) of P. rotundum samples was determined
[21]. Then, 0.5 mL of extract was mixed with 0.1 mL of
10% AI(NOs)3 and 0.1 mL of 1 M CH3;CO,K, the absorb-
ance was measured at 420 nm, and quercetin equivalents
were quantified using a standard curve.
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Measurement of antioxidant activity

The antioxidant inhibition assays of DPPH and ABTS
were run in 0.15 mM DPPH in EtOH and a 7 mM ABTS
stock solution with 2.45 mM potassium persulfate mixed
1:1 (v/v), respectively [22]. The amount of DPPH and
ABTS radicals remaining was measured with and without
the extract solution at 517 nm after 30 min and 734 nm
(E=[(A,— A)/A_] X 100).

NCI-H292 cell culture and MUC5AC ELISA

NCI-H292 airway epithelial cells were purchased from
the American Type Culture Collection (CRL-1848;
ATCC, Manassas, VA, USA). The cells were grown in
complete medium composed of RPMI 1640 medium, 10%
FBS and 100 units/mL penicillin combined with 100 pg/
mL streptomycin. The cells were incubated in a humidi-
fied incubator at 37 °C and in a 5% CO, atmosphere. Cells
(5% 10* cells/mL) were seeded in 96-well plates 1day
prior with complete medium. The cells were pretreated
with the indicated concentrations of test samples for 2 h
and then stimulated with 25 nM PMA for 16 h. Secreted
MUCS5AC protein in culture supernatants was analyzed
by ELISA as described previously [23]. Mouse monoclo-
nal MUC5AC antibody (Abcam, Cambridge, UK; 1:500
in blocking buffer) was used for the primary reaction.
Finally, the absorbance was measured at 450 nm using an
Epoch microplate reader (BioTek instruments, Inc., Win-
ooski, VT).

Statistical analysis

All measurements were made in triplicate. The results
were analyzed and presented using SigmaPlot 2001 (Sys-
tat Software Inc., Chicago, IL, USA).

Results and discussion

Single-factor extraction optimization

To prepare a standardized extract for raw material devel-
opment, the contribution of ethanol concentration,
extraction time, and extraction temperature to iridoid
content was accomplished by keeping two of the three
extraction factors constant and changing the other to
determine the optimal extraction conditions. This experi-
ment was performed on verproside, which had the high-
est content among the extracts. From Additional file 1:
Fig S1, the major metabolite tended to increase with
increasing ethanol concentration over a 2 h extraction
period at room temperature with 10, 30, 50, 70 and 95%
EtOH concentrations; the concentration of 70% EtOH
achieved the highest area. The verproside area response
to increasing water bath temperature during the 2 h
extraction period in 70% ethanol followed a similar trend
to that observed in previous EtOH factor experiments
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and peaked at 40 °C. The optimal extraction time for all
three evaluation indicators was 1 h since there was little
difference in the verproside area. Therefore, we selected
70% ethanol at 40 °C for 1 h for the extraction of six
major markers from the aerial parts of P. rotundum.

Multivariate statistical analysis ofP. rotundum at different
growth stages

We determined the difference in the metabolites of vari-
ous growth stages (harvested time: July 15 & 29, and
August 12 & 26) from the optimally prepared extracts
of the aerial parts using UPLC-Q-TOF-MS. To visual-
ize clustering patterns, PCA and OPLS-DA were used.
PCA, which is an unsupervised analysis, diminishes the
multidimensionalities of complex data sets to lower-level
dimensions and provides an overview of observations
such as groupings, patterns, and outliers [24]. It is an
effective approach to visualize clustering patterns to dis-
cover ultimate differences. In the PCA, the score plot of
each sample is shown in Fig. 1A. In the PCA score plot,
the mid and late July and mid and late August groups
were clearly divided. Additionally, each group was clearly
divided by week.

OPLS-DA was analyzed to identify major markers
with a high contribution to clustering between July and
August. In the OPLS-DA score plot, the data were clearly
separated, and the scores t[1] and to[1] were significant
variables between the July and August groups (Fig. 1B).
An S-plot was applied to select the decisive variables that
presented the covariance w[1] and correlation p (corr) [1]
among them. The OPLS-DA model identified metabo-
lites that ultimately showed differences between July
and August. Metabolites in the right region of the S-plot
showed elevated components in August, and metabolites
in the left region showed increased metabolite markers
in July. Metabolites had a higher contribution and con-
fidence to the variance between the two groups since the
points were located further along the x- and y-axes. Vari-
ous metabolites identified in the S-plot were confirmed
as potential marker candidates for differences in growth
periods (Fig. 1C). Although these biomarkers were pre-
sent in both July and August, they were more numerous
in August than in July and were identified as specific bio-
markers in August.

Metabolite analysis by using MS and NMR

The ethanol sample of P rotundum was analyzed by
UPLC-ESI-QTOF-MS. P. rotundum belongs to the fam-
ily Scrophulariaceae and is rich in iridoid glycosides
[25]. More sensitive MS detection of iridoid glycosides
occurred in negative ionization mode than in positive
ionization mode [Ref.] Therefore, we identified all iso-
lated compounds (1—6 in negative mode), and all data
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were detected from the deprotonated molecule [M —H]™
in the MS/MS spectra (Fig. 2, Additional file 1: Fig. S2,
S3). The UV spectrum showed absorption peaks at 220,
263 and 296 nm, indicating the presence of a conju-
gated enol-ether system. High-resolution electrospray
ionization mass spectrometry (HRESIMS) analysis of
the molecular ion cluster [M—H]~ (m/z 497.1317) of
verproside (1), as the major compound in P. rotundum,
established the molecular formula as C,;H,,O5. The MS
fragment detected at m/z 335.0778 [M — H—162] ~ corre-
sponded to the loss of the glucose moiety; the loss of 114
Da (fragment ion at m/z 221.0443 [M—-H-162-114] ")
was due to the loss of two aldehyde groups and cleavage
of the substituent ring (28 Da), which was based on the
hemiacetal group being easily converted into an epimeric
isomer. Therefore, the hemiacetal group isomerized into
two aldehyde groups. For these reasons, compound 1
was identified as verproside. Compounds 2 — 6 exhibited
[M—H]™ ions at m/z as follows: 481.1370 (2; calcd for
CyyHysOys 481.1352, £, = 8.98 min), 523.1475 (3; calcd
for C,,H,0,5, 523.1457, tp = 11.54 min), 511.1473 (4
caled for Cy3Hyg0 5, 511.1457, £, = 11.06 min), 511.1473
(5; caled for CyHygOq5, 511.1457, tp, = 12.48 min),
and 525.1630 (6; calcd for C,,H;,0,5, 525.1614, £ =
17.54 min). These compounds also showed fragment ion
losses similar to those of verproside (1): glucose (—162
Da) and two aldehyde groups and cleavage of the substit-
uent ring of the iridoid backbone (%°X~ ion, — 114 Da).
Therefore, these compounds were tentatively identified
as catalposide (2), verminoside (3), picroside II (4), iso-
vanillyl catapol (5), and 6-O-veratroyl catalpol (6) [17-20,
26].

Six compounds (1—6) were obtained from the aer-
ial parts of P. rotundum, and their structure elucida-
tion was confirmed based on reported NMR literature
information. The discussion for structural elucidation
will focus on compound 1, which has been identified
as the main metabolite. Compound 1 was deduced to
be a glucoside according to the general appearance of
its '"H and '*C NMR spectra (Additional file 1: Fig S1—
S12). The *C NMR data showed 22 carbons, including
five quaternary carbons, two methylene carbons and
fifteen methine carbons. The 'H and '*C NMR spectra
suggested an iridoid-type skeleton with one glucoside
unit [** C NMR: 6 98.3 (C-Glc-17), 73.9 (C-Glc-2"),
76.9 (C-Glc-37), 70.7 (C-Gle-4"), 77.9 (C-Glc-5"), 61.8
(C-Glc-6"); '"H NMR: 6}, 4.61 (d, /=7.8 Hz, H-Glc-1"),
3.06 (d, J=7.8 Hz, H-Glc-2"), 3.17 (m, H-Glc-3"), 3.02
(d, J=8.8 Hz, H-Glc-4"), 3.14 (m, H-Glc-5"), 3.47 (dd,
J=6.8,11.6 Hz, H-Glc-6"a), 3.72, (m, H-Glc-6"b)]. The
! H NMR signals from the aglycone moiety showed
five aromatic/olefinic methines [ 7.40 (d, /=2.0 Hz,
H-2"),7.36 (dd, J=2.0, 8.4 Hz, H-6"), 6.83 (d, J=8.4 Hz,
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Fig. 1 A Principle componentanalysis (PCA) score plot, B Orthogonal Partial Least Squares DiscriminantAnalysis (OPLS-DA) score plot and C S-plot
in P rotundum var. subintegrum at different growth stages.
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H-5), 6.42 (dd, J=1.6, 5.6 Hz, H-3), 4.94 (dd, J=4.4,
5.6 Hz, H-4)], three oxygenated methines [J}; 5.10 (d,
J=9.2 Hz, H-1), 5.04 (dd, /=0.8, 8.0 Hz, H-6), 3.69
(d, J=8.0 Hz, H-7)], an oxymethylene [J; 3.92 (d,
J=13.6 Hz, H-10a), 3.72 (d, J=13.6 Hz, H-10b)], and
two methines [y 2.50 (m, H-5), 2.47 (d, /=8.0 Hz,
H-9)]. The 1> C NMR spectrum showed 16 carbon reso-
nances, including a carbonyl carbon [, 166.1 (C-7")],
three oxygenated aromatic/olefinic quaternary carbons
[6c 151.3 (C-47), 145.6 (C-3"), 120.4 (C-1")], an oxygen-
ated quaternary carbon [§- 66.2 (C-8)], five aromatic/
olefinic methanes [6- 141.6 (C-3), 122.6 (C-5"), 116.8
(C-27), 115.8 (C-6"), 102.2 (C-4)], three oxygenated
methines [§- 93.4 (C-1), 79.9 (C-6), 58.9 (C-7)], an oxy-
methylene [§- 58.7 (C-10)], and two methines [d 42.3
(C-9), 35.7 (C-5)]. The HMBC correlations from H-2’
to C-4'/C-6"/C-7", H-5" to C-1"/C-3’, and H-6" to
C-2'/C-4"/C-7" showed the presence of a dihydroxy-
benzoyl group, and the HMBC correlation from H-6 to
C-7" suggested that the dihydroxybenzoyl group was
attached to C-6 in the structure of 1. The glucose moi-
ety was identified as being linked at C-1 based on the
HMBC correlation from H-1 to C-Glc-1”. Therefore,
the structure of compound 1 was deduced as shown
in Fig. 2A and identified as verproside. The NMR data
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of the other isolated compounds (2—6) were quite
similar to those of verproside (1), except for the oxy-
gen bridge between C-7 and C-8 and the substituent
groups at C-6. Compounds 2—6 differed by only their
replacement of the 3-methoxy-4-hydroxybenzoyl group
at C-6 with 4-hydroxybenzoyl, 3,4-dihydroxyphenyl,
3-hydroxy-4-methoxybenzoyl, and 3,4-dimethoxyben-
zoyl groups, respectively. Thus, compounds 2—6 were
identified as catalposide (2), verminoside (3), picroside
II (4), isovanillyl catapol (5), and 6-O-veratroyl catalpol
(6), and the structures of these compounds are shown
in Fig. 2A.

Analytical method validation

For iridoid profiling analysis of the aerial parts of P.
rotundum, the UPLC-ESI-QTOF-MS method was
applied, and the experimental method described in
Sect. 2.6.2 was performed for major marker compo-
nents 1-6. All curves confirmed linearity in the test
range r’>0.998, and the LODs/LOQs of the six com-
ponents were identified to be 0.12-0.28 pg/mL and
0.32-0.97 pg/mL, respectively (Additional file 1:
Table S3). The RSD values for six analytes were less
than 2% (Table 1). Aerial parts of P rotundum were

Table 1 The results of precision (intra, inter-day) and accuracy (recovery) of isolated iridoids1 —6

Iridoids Content (mg/g) Sample Intra-day Inter-day Accuracy (n=6)
(n=6) (n=18)
mg/mL  SD RSD (%) SD RSD (%) Spiked (mg/g) Theoretical Recorded Recovery (%) RSD (%)
amount (ug/ amount (ug/
mL) mL)
1 85.446 1.0 820 198 152 163 50.0 13545 138.02 101.97 063
20 1664 1.95 - - 100.0 18545 187.12 100.95 0.89
4.0 972 1.18 - - 200.0 28545 288.25 100.98 0.50
2 9361 1.0 159 175 019 193 12.5 21.86 22.04 100.82 1.03
20 3.66 2.00 - - 250 34.36 34.45 100.27 1.24
4.0 605 164 - - 50.0 59.36 59.16 99.67 .11
3 11.664 1.0 216 191 026 1.98 125 24.16 24.27 100.45 0.77
20 263 1.1 - - 25.0 36.66 36.79 10033 1.16
40 912 193 - - 50.0 61.66 60.90 98.77 1.77
4 9.149 1.0 1.60 1.90 019 185 12.5 21.65 21.69 100.20 0.68
20 3.17 1.80 - - 25.0 3415 34.18 100.08 0.80
40 3.69 1.05 - - 50.0 59.15 56.18 94.97 1.59
5 24.186 1.0 461 196 021 087 250 49.19 49.14 99.93 0.80
2.0 860 177 - - 50.0 74.19 7337 98.91 061
4.0 1572 1.68 - - 100.0 124.19 126.10 101.54 1.18
6 12,934 1.0 243 190 017 131 125 2543 25.05 98.58 1.16
20 564 197 - - 25.0 37.93 37.31 98.42 0.95
40 1051 1.92 - - 50.0 66.72 67.16 100.65 0.87
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examined.

prepared in EtOH, and six components were added to
evaluate accuracy with recovery tests of the six com-
ponents from spiked samples at three concentrations.
The RSD of the six components was less than 2%, con-
firming the recovery rate of 94.97-101.97% (Table 1).
Validation analysis results confirmed that the method
established by UPLC was accurate and quantified major
marker components 1-6 in the aerial part extract of P
rotundum.

Iridoid contents of P. rotundum at different growth periods

The crop growth stage was divided into the sprout (stage
1), seedling (stage 2), vegetative (stage 3), budding (stage
4), flowering (stage 5), and ripening stages (stage 6). Five
weeks after seeding, the aerial parts of P. rotundum were
collected in three separate plots per week from 5 to 11
weeks (stage 2—6) to investigate whether the contents of
verproside (1), catalposide (2), verminoside (3), picroside
II (4), isovanillyl catapol (5), and 6-O-veratroyl catalpol
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(6) were changed by the growth period of P rotundum
(Fig. 2C). The aerial parts of these plants were grown
and collected for 2months at different growth periods
of approximately 18.5-34.3 cm and 1.67-10.84 g (Addi-
tional file 1: Table S2). As shown in Fig. 3, the yield of
plant materials increased according to the growth period,
and the content of major marker components 1-6 tended
to increase rapidly in August (July 114.56-135.6 and
August 159.87-167.69 mg/g, respectively) when there
was a high amount of precipitation and a low duration
of sunshine (Additional file 1: Table S2). Sample prepa-
ration, quantification and validation of six components
contained in the aerial parts of P rotundum collected
by growing period were quantified by analytical meth-
ods according to Sect. 2.6. As shown in Table 2, the con-
centrations of verproside (1), catalposide (2), picroside
II (4), and isovanillyl catapol (5) increased rapidly over
time from August (1: 82.18 mg/g in July, 98.57 mg/g in
August; 2: 5.97 mg/g in July, 10.99 mg/g in August; 4:
6.42 mg/g in July, 9.11 mg/g in August; 5: 4.42 mg/g in
July, 20.00 mg/g in August); however, the concentra-
tions of verminoside (3) and 6-O-veratroyl catalpol
(6) tended to slightly decrease on an average monthly
with the growth of the aerial parts of P rotundum (3:
11.94 mg/g in July, 11.58 mg/g in August; 6: 14.13 mg/g
in July, 13.77 mg/g in August). In particular, the two main
markers 2 and 5 of the aerial parts showed a high cor-
relation after a large amount of precipitation and low
duration of sunshine in August by microclimate factors.
Therefore, it was found that precipitation and sunshine
hours were the main factors for the six components of
aerial parts of P rotundum, but it seems that the fac-
tors of temperature, wind, and relative humidity could
not be perfectly excluded. Therefore, a microclimate in
August cannot be ruled out and is expected to have an
effect on promoting the biosynthetic pathway from ver-
proside (1) to catalposide (2) and isovanillyl catapol (5)
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through O-methylation. Although the biosynthetic path-
ways of the iridoids presented in this study could not be
represented as all biosynthetic pathways, catalposide and
isovanylyl catapol were shown to be derivatized from ver-
proside. This result of the possible metabolic pathways of
the two highly dependent metabolites and the correlation
analysis of iridoids confirmed the correlation between
verproside and two metabolites in a previous study [27].
Moreover, iridoids with increased content may in some
cases be related to plant defense mechanisms, and their
biological role in plants may be related to self-protection
against insects and herbivores [28]. Iridoid glycosides are
normally activated by B-glucosidases in the intestines of
insect herbivores, which act as a deterrent to unadapted
insects, giving them adaptability to plants containing iri-
doid glycosides [29, 30]. Therefore, a limited discussion
from different harvest periods of P. rotundum was pro-
vided because iridoid metabolites are key constituents in
plants.

Correlation between the iridoid metabolites and biological
activities ofP. rotundum at different growth stages

In vitro screening, including TPC, TFC, DPPH and
ABTS, is simple, reproducible, and stable, making it one
of the most attractive targets for screening experiments
in natural products (crops, beverages, foods, fruits and
vegetables) because of the easy access to antioxidants
[31-35].

Excessive secretion of mucus in patients with respira-
tory diseases not only interferes with normal breath-
ing but also reduces the primary immune response [36].
Given that mucin secretion is partly associated with the
inflammatory response of epithelial cells, antioxidant
pharmacological approaches to modulate mucin produc-
tion or secretion are valuable. MUC5AC, a component
of mucin, is recognized as a target protein for disease
treatment because of its adhesive and viscoelastic nature.

Table 2 Isolated iridoids 1 —6 contents of P rotundum var. subintegrum

Harvest date Growth weeks Iridoids content (mg/g, dw)*

1 2 3 4 5 6
15 Jul 2021 5th 96.97 £2.44 7.13+0.12 1227+0.34 8.62+0.53 0.81+0.04 9.79+0.20
29 Jul 2021 7th 67.39£2.59 4.82+0.15 11.61+0.27 4.22+0.21 8.04+0.25 18.47+0.79
Average 82.18 597 11.94 642 4.42 14.13
12 Aug 2021 9th 88.09+391 9.53+0.25 14.63+0.85 9.36+0.42 2496+1.16 1330+1.19
26 Aug 2021 11th 109.05+4.25 1245+0.44 8.53+0.36 838+0.30 15.05+0.64 14.24+0.82
Average 98.57 10.99 11.58 9.1 20.00 13.77

Comp. 1, verproside; Comp. 2, catalposide; Comp. 3, verminoside; Comp. 4, picroside Il; Comp. 5, isovanillyl catalpol; Comp. 6, 6-O-veratroyl catalpol.

Samples harvested once every two weeks were determined by UPLC-PDA at UV 254 nm, and each sample was injected in sextuplicate

*The mean * standard deviation of sextuplicate experiments
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Table 3 Total phenolic, flavonoid contents, DPPH, ABTS, and MUC5AC inhibition in extracts of P rotundum var subintegrum at growth

stages
P. rotundum Total phenolic content Total flavonoid DPPH radical Scavenging ABTS radical Scavenging MUC5AC Inhibition
(mg GAE/100 g)? content (mg activity IC5, (mg/mL)¢ activity IC5, (mg/mL)¢ rate at 40 pg/mL

CE/100 g)° (%)¢

15 Jul 2021 1178.1+6.2 8704x1.7 0.49+0.05 1.20£0.04 486%09

29 Jul 2021 1129.7+375 M71.1+22.7 0.52+0.03 1.35+0.09 214+10

Average 11539 1020.8 0.51 1.28 350

12 Aug 2021 1304.1+£81.7 12276+0.7 0.54+0.05 1.38+£0.01 177435

26 Aug 2021 1442.5+84.4 1313.2+45.8 0.55+0.05 149+0.01 500+4.7

Average 1373.3 12704 0.55 144 339

2 Gallic acid equivalent (GAE) was used as a standard for measuring the total phenolic content

b Catechin equivalent (CE) was used as a standard for measuring the total flavonoid content

¢ Effective activity was expressed as the mean of 50% IC (half maximal inhibitory concentration) of triplicate experiments

d Data presented are the inhibition rate mean +S.D. of triplicate experiments

Several researchers have reported antioxidant and
MUCS5AC inhibitory activities of plant extracts under
fermentation and germination methods [37]. Therefore,
we aimed to correlate iridoid contents with potency in
different growth periods (5-11 weeks) to examine the
evidence for industrial sources as functional crops. Sig-
nificant differences in TPC and TFC were observed
among the four samples, as shown in Fig. 3; Table 3.
According to their results, samples collected during the
growth period gradually showed differences in content
and potency. TPC and TFC in July were observed at
1153.9 GAE mg/g and 1020.8 CE mg/g; the August sam-
ples exhibited high TPC and TFC in the following order:
1373.3 GAE mg/g and 1270.4 CE mg/g greater than those
in July. In the DPPH and ABTS results, the harvested
P rotundum extract was similar to the present data in
that the TPC and TFC results correlated as the radical
scavenger activity was related to phenolic and flavonoid
metabolites. The highest average DPPH and ABTS scav-
enging capacities were observed in samples on Aug. 26
of the aerial parts with 0.49 and 120 mg/mL, respectively,
followed by Aug. 12 (0.52 and 1.35 mg/mL) > Jul. 29 (0.54
and 1.38 mg/mL)>Jul. 15 (0.55 and 1.49 mg/ml). Nota-
bly, the scavenging activities for DPPH radicals in all col-
lected samples were higher than those for ABTS radicals,
similar to the data obtained in previous studies. Addi-
tionally, the findings of the current research indicated
that the TPC, TFC, DPPH, and ABTS distributions could
be confirmed by the release of hydroxyl moieties from
phenolic structures (2, 4, and 5) in the harvested P, rotun-
dum extract (Table 2). Additionally, the average antioxi-
dant capacity during the growth period was as follows
in decreasing order: Aug. 26>Aug. 12> Jul. 29>]Jul. 15.
Our analyzed data can be compared with previous stud-
ies that Cudrania tricuspidata [14] and Aloe vera [38]

displayed high TPC, TEC, DPPH, and ABTS compared
in different growth stages. The MUC5AC inhibition rate
of the extracts by harvest time is listed in order of high:
Aug. 26>]Jul. 15>]Jul. 29> Aug. 12. Notably, the efficacy
of inhibiting MUC5AC secretion by harvest time of each
extract reflects changes in iridoid 1 and 2 contents of
each extract. Consequently, iridoid contents in the aerial
parts of P. rotundum were potentially responsible for the
antioxidant effects against TPC, TFC, DPPH, ABTS and
MUCS5AC inhibition activities, which had been shown
in previous studies. The aerial parts of P. rotundum can
be evaluated through the evaluation of basic biological
activity and respiratory target efficacy and be recom-
mended as a source for use as a natural raw material for
drug and health claims.

Table 4 Comparison of contents of iridoids 1-6 in cultivated P
rotundum extract in August according to the contents of ATC1
reported in the literature

Iridoids ATC1 extract August 40% August 70%
(area %)a'b extract (area extract (area
%) %)
Verproside 1 17.60 22.77 24.47
Catalposide 2 0.72 422 455
Verminoside 3 262 2.51 2.80
Picroside Il 4 1.20 292 3.29
Isovanillyl catapol 5 1.26 1.25 1.35
6-O-veratroyl catalpol 6 2.36 246 2.53

2 Calculated from patent KR 10-2014-0122656

b Dried the whole plant of P. rotundum (10 g) were extracted once in 40%
ethanol (100 mL) and at room temperature for 48 h, and then second extracted
at 80-100 °C reflux for 48 h. The extracts were combined and concentrated in
vacuo at 40 °C to produce a dried extract (2.51 g), which was further extracted
with n-BuOH (0.5ith n-BuOH (0.55 g), and H,0 (1.9 g)
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Comparison of the August and ATC1 extracts

for standardization

YPL-001 from the active fraction of P. rotundum showed
good efficacy in reducing airway inflammation in
human lung cell lines and in a mouse model of asthma
and COPD. Therefore, the main six iridoids of YPL-001
were selected to constitute a drug candidate mixture
that was named YPL-001, which has been developed
as a natural drug. The relative contents of the main six
iridoids contained in the aerial part of P rotundum col-
lected by growth period were quantified for compari-
son using the preparation method and analysis method
described in a previous patent [39]. As shown in Table 4,
verproside 1 showed the highest content of 17.60% in
ATC1 as well as 22.77 and 24.47% in the 40% and 70%
extracts from August, respectively. The iridoid 3-6 con-
tents of ATC1 extracts were relatively stable in both the
40% and 70% extracts from August, and the contents of
the extracts of the harvested raw materials were as fol-
lows: verminoside 3 (2.92-3.29%) > picroside II 4 (2.51-
2.80%) > 6-O-veratroyl catalpol 6 (2.46—2.53) > isovanillyl
catapol 5 (1.25-1.35). Catalposide 2 had the highest con-
tent of 4.22-4.55% in the extract from August but had
a relatively low content in ATC1 (0.72%). In summary,
the study of secondary metabolites of existing natural
resources and their extraction methods validates iridoid
extraction and comparative content evaluation in our
study. Current data provide important information on
plant cultivation, harvest time, and distribution of major
components.
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